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In	recent	years,	phenol	derivatives	have	emerged	as	powerful	alternatives	to	aryl	halides	as	coupling	
partners	 in	 the	 cross-coupling	 field.	 This	 is	 mainly	 due	 to	 the	 lack	 of	 toxicity	 and	 widespread	
availability	 of	 phenol	 derivatives	 as	 compared	 to	 commonly	 employed	 organohalide	 counterparts.	
While	 significant	 advances	 have	 been	 achieved,	 the	 vast	 majority	 of	 C–O	 bond	 cleavage	 methods	
involve	 the	 use	 of	 particularly	 activated	 functionalities	 such	 as	 triflates,	 tosylates,	 or	mesylates.	 In	
sharp	 contrast,	 unactivated	 phenol	 derivatives,	 such	 as	 aryl	 esters	 or	 ethers,	 have	 received	
significantly	 less	 attention	 due	 to	 the	 higher	 energetic	 barrier	 required	 for	 the	 activation	 of	 the	
corresponding	C–O	bond	 together	with	 the	 selectivity	 issues	derived	 from	the	presence	of	multiple	
reactive	sites.	In	addition,	the	present	methods	have	focused	on	the	formation	of	C–C	bonds,	whereas	
forging	C–heteroatom	bonds	via	unactivated	C–O	bond	scission	has	been	virtually	investigated.	
	
Therefore,	in	order	to	fulfil	this	important	gap	in	the	C–O	bond	cleavage	arena,	we	have	decided	to	
focus	our	doctoral	studies	on	methods	to	achieve	the	formation	of	C–heteroatom	bonds,	namely	C–Si	
and	C–B	bonds,	by	means	of	Ni-catalyzed	activation	of	unconventional	phenol	derivatives.	Firstly,	 in	
Chapter	2	of	this	dissertation,	we	report	the	discovery	of	a	synergistic	Ni/Cu-catalysis	able	to	promote	
the	 silylation	 reaction	 of	 aryl	 and	 benzyl	 pivalates	 under	 relatively	 mild	 reaction	 conditions	 using	
silylboronic	esters	as	the	silicon	source.		
	
	
Subsequently,	we	expanded	our	studies	towards	the	activation	of	aryl	methyl	ethers.	Despite	their	
simplicity	and	ubiquitous	availability,	these	electrophiles	have	been	scarcely	investigated	as	coupling	
partners	due	to	a	relatively	high	activation	energy	required	for	C(sp2)–OMe	bond	scission	as	well	as	a	
low	propensity	of	the	methoxy	moiety	to	act	as	leaving	group.	Looking	to	overcome	this	challenge,	we	
developed	 the	 first	Ni-catalyzed	 borylation	 of	 aryl	 methyl	 ethers	 via	 C(sp2)–	 and	 C(sp3)–OMe	 bond	
activation	(Chapter	3).		
	
Following	up	on	our	interest	with	regards	to	the	formation	of	C–heteroatom	bonds	via	C(sp2)–OMe	
activation,	in	our	final	chapter	we	report	a	mild	and	ligand-free	Ni-catalyzed	silylation	of	aryl	methyl	
ethers	(Chapter	4).	The	unusual	and	intriguing	conditions	under	which	the	reaction	operates,	together	
with	 the	 high	 reactivity	 encountered	 when	 using	 otherwise	 elusive	 unbiased	 anisole	 derivatives,	
suggested	a	new	activation	pathway	that	differs	from	“classical”	mechanistic	proposals.	
	
SiR3
R1
SiR3
R3SiB(OR)2
B(OR)2
R2
B(OR)2
B2(OR)2C− −OR
Chapter 2
R3SiB(OR)2
R = Me
R = Piv
R = Me
Ni
Chapter 1
Chapter 3
Cu
Ni
Ni
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
Chapter	1.	General	Introduction	
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1.1. Phenol	derivatives:	Modern	Electrophiles	in	Cross-Coupling	
	
Metal-catalyzed	 cross-coupling	 reactions	 have	 witnessed	 astounding	 development	 since	 their	
discovery	 in	 the	 1970s,	 rising	 to	 become	 an	 indispensable	 tool	 in	 modern	 organic	 synthesis.1	The	
pioneering	work	of	Heck,	Negishi,	and	Suzuki	was	recognized	with	the	2010	Nobel	Prize	in	Chemistry	
as	result	of	the	 incredible	 impact	of	these	transformations	 in	both	academic	and	 industrial	settings.	
The	 wide	 applicability	 of	 transition-metal	 catalyzed	 cross-coupling	 protocols	 range	 from	 organic	
synthesis	and	medicinal	chemistry	to	materials	science	and	polymer	chemistry.	
	
	
Scheme	1.1.	Current	scope	of	Pd-catalyzed	cross-coupling	reactions.	
	
Over	 the	 past	 40	 years,	 the	 cross-coupling	 field	 has	 reached	 incredible	 levels	 of	 sophistication.	
Currently,	multiple	coupling	partners	such	as	Mg-,	Li-,	Zn-,	Sn-,	B-,	and	Si-based	organometallic	species	
can	be	applied	 in	different	metal-catalyzed	C–C	bond	 forming	protocols	 (Scheme	1.1).	Heteroatom-
based	nucleophiles	can	be	applied	in	the	catalytic	formation	of	C–heteroatom	bonds	such	as	C–N,	C–
O,	C–B,	C–Si,	and	C–P	bonds.	In	contrast,	the	diversification	of	the	electrophilic	counterpart	has	been	
overlooked,	 as	 organohalides	 have	 become	 routine	 electrophiles.	 The	 difficulties	 encountered	 in	
accessing	 organic	 halides	 in	 a	 both	 chemo-	 and	 regioselective	 manner,	 particularly	 in	 advanced	
synthetic	 intermediates,	 together	with	 their	 inherent	 toxicity	 and	 the	 high	 cost	 of	 Pd	 catalysts	 still	
constitute	 serious	 drawbacks	 when	 designing	 cross-coupling	 reactions.	 Extensive	 efforts	 towards	
alternative	electrophiles	and	low-cost	catalysts	have	led	to	the	discovery	of	cross-coupling	reactions	
of	 phenol	 derivatives	 via	 Ni-catalyzed	 C(sp2)–O	 bond	 cleavage.	 Phenol-derived	 electrophiles	 are	
particularly	 appealing	 as	 they	 are	 more	 readily	 available	 and	 environmentally	 friendly	 than	 the	
corresponding	 aryl	 halides	 while	 representing	 a	 unique	 class	 of	 reaction	 intermediates	 in	 organic	
synthesis.2	The	implementation	of	phenol	derivatives	in	cross-coupling	reactions	would	be	particularly	
attractive	also	from	the	perspective	of	designing	orthogonal	cross-coupling	strategies	in	the	presence	
of	C–halide	bonds.  
 
                                                
1	(a)	Miyaura,	N.	Cross-coupling	reactions.	A	practical	guide.	Berlin:	Springer-Verlag;	2002.	(b)	de	Mejeire,	A.;	Diedrich,	F.	
Metal-catalyzed	cross-coupling	reactions.	2nd	ed.	Weinheim,	Germany:	Wiley-VCH;	2004.	(c)	Tsuji,	J.	Palladium	reagents	
and	catalysts:	New	perspectives	for	the	21st	century.	2nd	ed.	New	York,	NY:Wiley-VCH;	2004.	(d)	Nicolaou,	K.	C.;	Bulger,	
P.	H.;	Sarlah,	D.	Angew.	Chem.	Int.	Ed.	2005,	44,	4442.	
2	(a)	Fiege,	H.;	Voges,	H.-W.;	Hamamoto,	T.;	Umemura,	S.;	Iwata,	T.;	Miki,	H.;	Fujita,	Y.;	Buysch,	H.-J.;	Garbe,	D.;	Paulus,	
W.	Phenol	Derivatives	in	Ullmann's	Encyclopedia	of	Industrial	Chemistry,	2002,	Wiley-VCH,	Weinheim.	(b)	Rappoport	Z.	
The	chemistry	of	phenols.	Chichester,	UK:	John	Wiley	&	Sons	Ltd.;	2003.	
X
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Figure	1.2.	C–O	electrophiles	in	cross-coupling.	
	
In	 the	 last	 decade,	 the	 means	 to	 utilize	 C–O	 electrophiles	 has	 undoubtedly	 gained	 considerable	
momentum.3,4	Early	research	efforts	have	focused	on	using	aryl	and	alkenyl	triflates	in	cross-coupling	
reactions	due	to	higher	proclivity	of	the	C–O	bond	to	undergo	oxidative	addition	(Figure	1.2).	Recent	
advances	 in	 ligand	 design,	 mainly	 from	 the	 laboratories	 of	 Buchwald,	 have	 provided	 improved	
reactivity	 towards	 less	 reactive	 phenol	 derivatives	 such	 as	mesylates,	 tosylates,	 and	 nonaflates,	 as	
well	 as	 phosphates	 (Figure	 1.2).5	Although	 these	 electrophilic	 counterparts	 are	 better	 alternatives	
than	 triflates	 in	 terms	 of	 stability	 and	 availability,	 the	 low	 atom	 economy	 and	 the	 stoichiometric	
sulphur-containing	 waste	 certainly	 limits	 their	 applicability.	 The	 success	 of	 these	 reactions	 has	
partially	 contributed	 to	 the	perception	 that	 phenol-based	electrophiles	with	high	bond-dissociation	
energies,	such	as	aryl	esters,	carbamates	or	aryl	ethers,	cannot	be	employed	as	coupling	partners	via	
metal-catalyzed	 C–O	 bond	 cleavage	 (Figure	 1.2).	 In	 1979,	 concurrent	 with	 the	 emergence	 of	 Pd-
catalyzed	cross-coupling,	a	discovery	by	Wenkert	and	coworkers	showed	that	the	catalytic	Kumada-
Tamao-Corriu	(KTC)	reaction	could	be	applied	to	aryl	methyl	ethers	via	a	counterintuitive	Ni-catalyzed	
C(sp2)–OMe	bond	scission	(Scheme	1.1).6		
	
Scheme	1.1.	Evolution	of	the	metal-catalyzed	C-O	bond-activation	field.	
                                                
3	For	selected	reviews	on	C–O	cleavage:	(a)	Rosen,	B.	M.;	Quasdorf,	K.	W.;	Wilson,	D.	A.;	Zhang,	N.;	Resmerita,	A.-M.;	
Garg,	N.	K.;	Percec	V.	Chem.	Rev.	2011,	111,	1346.	(b)	Su,	B.;	Cao,	Z.	–C.;	Shi,	Z.	–J.	Acc.	Chem.	Res.	2015,	48,	886.	(c)	
Yamaguchi,	J.;	Muto,	K.;	Itami,	K.	Eur.	J.	Org.	Chem.	2013,	19.	(d)	Tollefson,	E.	J.;	Hanna,	L.	E.;	Jarvo,	E.	R.	Acc.	Chem.	Res.	
2015,	48,	2344.	(e)	Tobisu,	M.;	Chatani,	N.	Top.	Curr.	Chem.	2016,	41,	374.	(f)	Zarate,	C.;	van	Gemmeren,	M.;	Somerville,	
R.	J.;	Martin,	R.	Phenol	Derivatives:	Modern	Electrophiles	in	Cross-Coupling.	 In	Advances	in	Organometallic	Chemistry.	
Pérez,	P.	J.	Ed.;	Elsevier:	Cambridge,	MA,	United	States,	2016;	Vol.	66,	pp.	143.	
4	For	recent	reviews	on	C–OMe	cleavage:	(a)	Cornella,	J.;	Zarate,	C.;	Martin,	R.	Chem.	Soc.	Rev.	2014,	43,	8081.	(b)	
Tobisu,	M.;	Chatani,	N.	Acc.	Chem.	Res.	2015,	48,	1717.	
5	Martin,	R.;	Buchwald,	S.	L.	Acc.	Chem.	Res.	2008,	41,	1461.	
6	(a)	Wenkert,	E.;	Michelotti,	E.	L.;	Swindell	C.	S.	J.	Am.	Chem.	Soc.	1979,	101,	2246.	 (b)	Wenkert,	E.;	Michelotti,	E.	L.;	
Swindell,	C.	 S.;	 Tingoli,	M.	 J.	Org.	Chem.	1984,	49,	 4894.	 (c)	Wenkert,	E.;	 Leftin,	M.	H.;	Michelotti,	 E.	 L.	 J.	Chem.	Soc.	
Chem.	Commun.	1984,	617.		
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While	an	incredible	breakthrough	in	the	field,	Wenkert´s	discovery	remained	dormant	for	25	years,	
likely	 due	 to	 the	 success	 of	 Pd-catalyzed	 Suzuki-Miyaura,	 Negishi	 and	 Stille-Migita	 cross-coupling	
reactions.1	 Fortunately,	 Dankwardt	 revisited	 Wenkert´s	 work	 in	 2004	 and	 developed	 a	 milestone	
principle	 whereby	 low	 valent	Ni	 complexes	 with	 electron-rich	 and	 bulky	 ligands,	 such	 as	 PCy3,	 are	
particularly	suited	for	C–O	bond	cleavage	(Scheme	1.1).7	The	striking	findings	of	Dankwart,	concurrent	
with	growing	 interest	 in	homogeneous	Ni	catalysis,8	has	significantly	contributed	to	the	advances	 in	
the	C–O	functionalization	of	unactivated	C–O	electrophiles	such	as	aryl	esters,	aryl	carbamates,	and	
aryl	ethers.3,9	
	
1.2.	Unactivated	C–O	Electrophiles:	Aryl	Esters	and	Aryl	Methyl	Ethers	
	
1.2.1.	Challenges	associated	to	the	use	of	unactivated	C–O	electrophiles	
	
Due	to	the	inherent	challenges	associated	to	unactivated	C–O	bond	scission,	phenol	derivatives	are	
not	as	straightforward	of	electrophiles	as	the	corresponding	aryl	halides.	Firstly,	Caryl–O	bond	cleavage	
is	 thermodynamically	 more	 difficult	 due	 to	 higher	 bond–dissociation	 enthalpies	 (BDEs),10,11	which	
translate	into	a	higher	transition-state	distortion	energy	(Figure	1.3).12,13		Secondly,	the	presence	of	a	
weaker	C–O	bond,	namely	the	Ccarbonyl–	O	bond	in	2	and	Calkyl–O	bond	in	3,	may	pose	problems	of	site-
selectivity	and	hydrolysis	under	strongly	basic	conditions.	The	risk	of	hydrolysis	could	be	potentially	
alleviated	by	the	use	of	sterically	hindered	esters	bearing	tert-butyl	substituents	(pivalates),	which	are	
also	 better	 leaving	 groups	 than	 methyl	 carboxylates	 thus	 favoring	 the	 desired	 Ccarbonyl–O	 bond	
cleavage.	
	
	
Figure	1.3.	BDEs	of	electrophiles	in	cross-coupling	reactions.	
	
An	additional	challenge	associated	with	the	use	of	aryl	esters	and	aryl	methyl	ethers	arises	from	the	
pronounced	 lower	reactivity	of	regular	arenes	compared	to	those	containing	π-extended	backbones.	
                                                
7	Dankwardt,	J.	W.	Angew.	Chem.	Int.	Ed.	2004,	43,	2428.		
8	For	highlighted	reviews	on	organonickel	chemistry:	(a)	Wilke,	G.	Angew.	Chem.	Int.	Ed.	Engl.	1988,	27,	185.	(b)Tamaru,	
Y.	Modern	organonickel	chemistry.	Weinheim:	Wiley-VCH;	2005.	 (c)	Sarah,	Z.	T.;	Standley,	E.	A.;	 Jamison,	T.	F.	Nature	
2014,	509,	299.	(d)	Ananikov,	V.	P.	ACS	Catal.	2015,	5,	1964.		
9	Henceforth	 in	 this	 dissertation	 it	 will	 be	 used	 the	 term	 unactivated	 C–O	 electrophiles,	 which	 refers	 to	 phenols	
derivatives	with	high	activation	barrier	required	for	C–O	bond	cleavage	such	as	aryl	carboxylates	and	aryl	methyl	ethers.	
Phenol	derivatives	with	particularly	weak	C–O	bonds	such	as	aryl	 sulfonates	or	phosphates,	and	more	activated	allyl,	
propargyl,and	allenyl	derivatives	are	beyond	the	scope	of	this	concept.	
10	Luo,	Y.-R.	Handbook	of	bond	dissociation	energies	in	organic	compounds;	CRC	Press:	FL,	2007.		
11	Please,	 note	 that	 the	 bond	 strength	 is	 a	 very	 basic	 explanation.	 For	 further	 details	 see:	 V.	 V.	 Grushin,	 H.	 Alper	 in	
Activation	of	Unreactive	Bonds	and	Organic	Synthesis	(Ed.:	S.	Murai),	Springer,	Berlin,	1999,	p.	203.	
12	For	computational	studies	on	C–O	cleavage	of	aryl	carboxylates:	(a)	Li,	Z.;	Zhang,	S.-L.;	Fu,	Y.;	Guo,	Q.-X.;	Liu,	L.	J.	Am.	
Chem.	Soc.	2009,	131,	8815.	(b)	Yoshikai,	N.;	Matsuda,	H.;	Nakamura,	E.	J.	Am.	Chem.	Soc.	2009,	131,	9590.	(c)	Hong,	X.,	
Liang,	Y.;	Houk,	K.	N.	J.	Am.	Chem.	Soc.	2014,	136,	2017.	(d)	Lu,	Q.;	Yu,	H.;	Fu,	Y.	J.	Am.	Chem.	Soc.	2014,	136,	8252.	(e)	
Xu,	H.;	Muto,	K.;	Yamaguchi,	J.;	Zhao,	C.;	Itami,	K.;	Musaev,	D.	G.	J.	Am.	Chem.	Soc.	2014,	136,	14834.	(f)	Dürr,	A.	B.;	Yin,	
G.;	Kalvet,	I.;	Napoly,	F.;	Schoenebeck,	F.	Chem.	Sci.	2016,	7,	1076.	
13	For	calculations	on	C–O	cleavage	of	aryl	methyl	ethers:	 (a)	Cornella,	 J.;	Go ́mez-Bengoa,	E.;	Martin,	R.	 J.	Am.	Chem.	
Soc.	2013,	135,	1997.	(b)	Ogawa,	H.;	Minami,	H.;	Ozaki,	T.;	Komagawa,	S.;	Wang,	C.;	Uchiyama,	M.	Chem.	Eur.	J.	2015,	
21,	 13904.	 (c)	 Xu,	 L.;	 Chung,	 L.W.;	Wu,	 Y.-D.	ACS	 Catal.	 2015,6,	 483.	 (d)	Wititsuwannakul,	 T.;	 Tantirungrotechai,	 Y.;	
Surawatanawong,	P.	ACS	Catalysis	2016,	6,	1477.	
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This	 trend	 stems	 from	 the	 strong	 η2-interaction	 of	 π-extended	 systems	 with	 low-valent	 metal	
complexes14	that	necessarily	precedes	C–O	bond	 cleavage	and/or	 the	 involvement	of	dearomatized	
intermediates13a	 or	 Meisenheimer-type	 complexes.15 	However,	 several	 strategies	 based	 on	 the	
employment	 of	 transition	 metal	 catalysts,	 mainly	 Ni	 complexes,	 have	 successfully	 overcome	 the	
aforementioned	challenges	 resulting	 in	a	wide	variety	of	 cross-coupling	 reactions	using	unactivated	
C–O	electrophiles.3,4	
	
	
1.2.2.	Aryl	esters	
	
1.2.2.1.	Origin	of	the	chemoselectivity	
	
Studies	 for	determining	 the	 factors	 that	 influence	 the	site-selectivity	of	 the	C–O	bond	cleavage	 in	
carboxylates	were	pioneered	by	Yamamoto	and	coworkers	(Scheme	1.2).16	It	was	shown	that	phenyl	
acetates	(6)	and	vinyl	acetates	(7)	follow	a	different	selectivity	profiles	under	stoichiometric	reaction	
conditions	with	[Ni(COD)2]/PCy3.	Phenol-derived	esters	(6)	exclusively	undergo	Ccarbonyl–O	cleavage	as	
suggested	by	the	observation	of	[Ni(CO)2(PCy3)2]	(8),	which	is	generated	following	a	decarbonylation	
reaction	(Scheme	1.2,	type	A).	However,	with	structurally-related	enol-derived	esters	(7),	ethylene	as	
well	as	[Ni(OAc)2]	(9)	were	detected	together	with	8,	thus	indicating	that	both	type	A	(Ccarbonyl–O)	and	
type	B	(Ccarbonyl–O)	cleavage	takes	place	with	these	substrates.		
	
	
Scheme	1.2.	Stoichiometric	studies	on	the	site-selectivity	of	ester	derivatives.	
	
In	2008,	Shi	and	Garg	independently	reported	the	first	Ni-catalyzed	Caryl–O	coupling	reactions	using	
aryl	esters	(Scheme	1.3).17	While	Garg	utilized	aryl	boronic	acids	as	nucleophilic	counterparts	and	aryl	
pivalates,	 Shi	 employed	aryl	 boroxines	with	 stoichiometric	 amounts	of	water	 and	a	wide	 variety	of	
aryl	 esters	 with	 different	 leaving	 groups.	 Both	 reports	 highlight	 the	 synthetic	 utility	 of	 the	 newly	
developed	protocols	in	the	context	of	multistep	syntheses.	
	
	
                                                
14	Bauer,	D.	J.;	Krueger,	C.	Inorg.	Chem.	1977,	16,	884	
15	Tobisu,	M.;	Shimasaki,	T.;	Chatani,	N.	Angew.	Chem.	Int.	Ed.	2008,	47,	4866.	
16	(a)	Ishizu,	J.;	Yamamoto,	T.;	Yamamoto,	A.	Chem.	Lett.	1976,	1091.	(b)	Yamamoto,	T;	Ishizu,	I.;	Kohara,	T.;	Komiya,	S.;	
Yamamoto,	A.	J.	Am.	Chem.	Soc.	1980,	102,	3758.	
17	(a)	Guan,	B.-T.;	Wang,	Y.;	Li,	B.-J.;	Yu,	D.-G.;	Shi,	Z.-J.	J.	Am.	Chem.	Soc.	2008,	130,	14468.	(b)	Quasdorf,	K.	W.;	Tian,	X.;	
Garg,	N.	K.	J.	Am.	Chem.	Soc.	2008,	130,	14422.		
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Scheme	1.3.	Ni-catalyzed	Suzuki-Miyaura-type	coupling	of	aryl	pivalates.		
	
DFT	 calculations	 carried	 out	 by	 Liu	 et	 al.	 invoked	 a	 “classical”	 Ni(0)/Ni(II)	 mechanistic	 scenario	
consisting	 of	 Ni(0)–complexation	 followed	 by	 oxidative	 addition,	 ligand	 exchange,	 base-assisted	
transmetalation	and	facile	aryl-aryl	reductive	elimination	(Scheme	1.4).12a	These	calculations	indicated	
that	the	rate-limiting	step	of	the	cycle	is	the	transmetalation	step,	with	a	high	energy	barrier	(+31.2	
kcal/mol)	consistent	with	the	elevated	reaction	temperatures	(80	–	110	ºC).	Oxidative	addition	of	the	
Caryl–O	bond	to	Ni(0)–phosphine	species	was	calculated	to	occur	via	a	mono-ligated	three-membered	
transition	 state	 (III)	 with	 a	 moderate	 barrier	 (+22.9	 kcal/mol).	 The	 reaction	 mechanism	 invoking	
mono-phosphine	ligated	Ni	species	presents	a	much	lower	overall	energy	barrier	when	compared	to	
the	 analogous	 bis-phosphine	 mechanism	 (+54.9	 kcal/mol).	 This	 finding	 is	 in	 agreement	 with	 the	
experimental	observation	that	bulky	ligands	such	as	PCy3	are	more	efficient	as	they	likely	promote	the	
formation	of	mono-ligated	 [Ni(0)L]	 species.18	It	 is	worth	noting	 that	 the	 intermediate	 resulting	 from	
oxidative	addition	is	a	monophosphine	16	electron	species	in	which	the	carbonylic	oxygen	completes	
the	coordination	sphere	at	the	Ni	center	via	a	k2-interaction	(IV).19	
	
	
Scheme	1.4.	Mechanistic	proposal	for	Ni-catalyzed	Suzuki-Miyaura	coupling	of	aryl	esters.		
	
Based	 on	 the	 stoichiometric	 studies	 by	 Yamamoto	 and	 coworkers,16	 aryl	 acetates	 would	 be	
expected	 to	 undergo	 Cacyl–O	 bond	 cleavage	 with	 reasonable	 ease.	 Indeed,	 computational	 studies	
conducted	by	Liu	and	coworkers	revealed	that	Ccarbonyl-O	oxidative	addition	is	a	more	facile	process	in	
the	 case	 of	 aryl	 acetates	 (+14.2	 kcal/mol)	 (Scheme	 1.5,	 left).	 However,	 this	 cleavage	was	 found	 to	
present	a	fairly	low	reverse	barrier	as	a	result	of	the	low	stability	of	the	resulting	complex	(VII),	which	
does	not	easily	undergo	 transmetalation.	By	comparison,	Caryl-O	oxidative	addition	 is	an	 irreversible	
process	 that	 leads	 to	 a	 more	 stable	 intermediate	 (IV)	 (Scheme	 1.5,	 right),	 which	 undergoes	 the	
corresponding	 transmetalation	 reaction	 more	 readily.	 In	 line	 with	 experiments	 conducted	 by	
                                                
18	Mechanisms	involving	highly	reactive	mono-coordinated	species	have	been	implicated	in	Pd-catalyzed	cross-coupling	
reactions:	Christmann,	U.;	Vilar,	R.	Angew.	Chem.	Int.	Ed.	2005,44,	366.		
19	This	 type	 of	 coordination	 have	 been	 demonstrated	 by	 31P	 NMR	 spectroscopy	 of	 otherwise	 synthesized	 s–
tolylbis(triphenylphosphine)nickel	carboxylate	complexes:	Kravtsov,	D.	W.;	Drogunova,	G.	I.;	Isaeva,	L.	S.;	Petrovskii,	P.	
V.	Bulletin	of	the	Academy	of	Sciences	of	the	USSR	Division	of	Chemical	Science	1988,	897.	
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Yamamoto,	 Liu	 and	 colleagues	 demonstrated	 that	 decarbonylation	 from	VII	may	 take	 place	with	 a	
reasonably	 low	 barrier	 (+18.8	 kcal/mol).	 However,	 the	 resulting	 Ni	 carbonyl	 complex	 could	 not	 be	
easily	 transformed	 into	 any	 other	 product	 given	 the	 prohibitively	 high	 energetic	 barrier	 of	 all	 the	
possible	decomposition	pathways	(Calkyl–O	reductive	elimination	or	transmetalation	with	the	boronic	
acid	from	either	VII	or	the	CO-free	complex).	
	
Scheme	1.5.	Origin	of	the	selectivity:	Caryl-O	vs	Cacyl-O	cleavage.	
	
Following	 the	 seminal	 work	 by	 Shi	 and	 Garg,	 Yamaguchi	 and	 Itami	 developed	 a	 Ni-catalyzed	
arylation	 protocol	 of	 (benz)oxazole	 and	 thiazole	 derivatives	 using	 π-extended	 aryl	 pivalates	 as	
counterparts	exploying	high	reaction	temperatures	(Scheme	1.6,	right).20	Interestingly,	 the	choice	of	
bidentate	 1,2-bis(dicyclohexylphosphino)ethane	 (dcype)	 ligand	 was	 found	 to	 be	 crucial	 for	 the	 C–
H/C–O	coupling	as	PCy3,	 the	“standard”	 ligand	 for	coupling	aryl	esters	via	Ni-catalyzed	Caryl−O	bond	
cleavage,	 proved	 to	 be	 ineffective.	 As	 a	 result	 of	 extensive	 mechanistic	 studies	 conducted	 in	
collaboration	 with	 the	 research	 group	 of	 Lei,	 the	 authors	 proposed	 a	 catalytic	 cycle	 consisting	 of	
oxidative	addition	of	the	Caryl–O	bond	to	a	[Ni(COD)(dcype)]	species	formed	in-situ,	followed	by	ligand	
exchange,	C(sp2)–H	 functionalization,	 and	 finally	 reductive	elimination.21	Notably,	 the	Ni(II)	 complex	
resulting	 from	 the	 stoichiometric	 reaction	 of	 2-naphthyl	 pivalate	 with	 Ni(COD)2	 and	 dcype	 was	
isolated	(19)	and	structurally	characterized	by	X-ray	crystallography	as	well	as	NMR	spectroscopy.	This	
finding	provided	the	first	example	of	direct	oxidative	addition	of	an	Ar–OCOR	bond	to	Ni(0)	species.22	
Importantly,	when	PCy3	was	employed	 in	 the	 stoichiometric	 reaction	with	Ni(COD)2	and	2-naphthyl	
pivalates,	 the	 corresponding	 oxidative	 addition	 complex	 was	 not	 isolated.	 Instead,	 2,2´-binaphthyl	
was	generated	likely	via	a	disproportionation	pathway.	A	possible	rationale	for	this	observation	may	
lie	 in	 Liu´s	 findings	 where	 monodentate	 phosphines	 promote	 the	 mono-ligand	 Caryl–O	 cleavage	
pathway	(likely	resulting	in	a	less	stable	mono-phopshine	product	(IV	vs	19)).	
	
                                                
20	Muto,	K.;	Yamaguchi,	J.;	Itami,	K.	J.	Am.	Chem.	Soc.	2012,	134,	169.	
21	Muto,	K.;	Yamaguchi,	J.;	Lei,	A.;	Itami,	K.	J.	Am.	Chem.	Soc.	2013,	135,	16384.	
22	o-Tolyl	 and	o-fluorophenylbis(triphenylphosphinyl)nickel	 carboxylates	were	 synthesized	 via	 halide	 abstraction	 from	
the	 chloride	 precursor	 followed	 by	 treatment	 with	 the	 corresponding	 potassium	 carboxylates:	 (a)	 Isaeva,	 L.	 S.;	
Drogunova,	G.	I.;	Peregudov,	A.	S.;	Kravtsov,	D.	W.	Bulletin	of	the	Academy	of	Sciences	of	the	USSR	Division	of	Chemical	
Science	1988,	37,	153.	
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Scheme	1.6.	Ni-catalyzed	C–H/C–O	coupling	with	aryl	pivalates.	
	
A	 subsequent	 computational	 study	 aimed	 at	 elucidating	 the	 precise	 role	 of	 the	 Cs2CO3	 base	was	
reported.12e	The	calculations	confirmed	that	C–H	functionalization	 is	 rate-determining	and	proceeds	
through	a	concerted-metalation-deprotonation	pathway	in	the	absence	of	base.	Interestingly,	Cs2CO3	
was	 found	 to	 react	with	 the	 intermediate	 arising	 from	 oxidative	 addition,	 forming	 a	 stable	 cluster	
complex	 {[Ni(dcype)(naph)][PivOCs·CsCO3]}	 (naph	 =	 naphthyl).	 Coordination	 of	 the	 azole	 to	 this	
complex	leads	to	an	intermediate	with	a	more	acidic	azole	C-H	bond.	The	pronounced	C-H	acidity	of	
the	intermediate	reduces	the	activation	barrier	required	for	C–H	functionalization	thus	explaining	the	
increase	 in	 yields	 observed	 in	 the	 presence	 of	 base.	 In	 addition,	 a	 five-centered	 transition	 state	 of	
Caryl–O	 oxidative	 addition	 (VIII)	 was	 computationally	 located,	 which	 leads	 to	 the	 formation	 of	 19	
independent	of	the	presence	of	the	carbonate	base.	These	findings	demonstrated	the	influence	of	the	
ligand	denticity	on	the	mechanism	of	the	Caryl–O	bond	cleavage	(VIII	vs.	III).	
	
	
Scheme	1.7.	Caryl–O	bond	cleavage/decarbonylation	pathways	in	phenol	and	benzoate	derivatives.	
	
The	 observed	 selectivity	 of	 the	 C–H/C–O	 coupling	was	 rationalized	 in	 two	 computational	 studies	
independently	 carried	 out	 by	 Houk	 and	 Fu.12c,12d	 The	 calculations	 demonstrated	 that	 aryl	 pivalates	
(Scheme	 1.7,	 20),	 regardless	 the	 employment	 of	 monodentate	 or	 bidentatate	 phosphine	 ligands,	
present	a	energetically	favored	Cacyl–O	cleavage	event	as	compared	to	Caryl–O	scission.	Nevertheless,	
oxidative	addition	of	the	Cacyl–O	bond	and	subsequent	decarbonylation	leads	to	[Ni(dcype)(tBu)(OAr)]	
intermediate	(IX).	This	compound	is	highly	unstable	due	to	the	lack	of	d®π*	interaction	between	the	
Ni	 center	 and	 the	 tert-butyl	 ligand	 in	 addition	 to	 an	 unfavorable	 steric	 clash	with	 the	 bulky	 dcype	
ligand.	Accordingly,	 the	overall	Cacyl–O	cleavage	process	presents	a	 relatively	high	energetic	barrier,	
which	makes	 the	 experimentally	 observed	 Caryl–O	 bond	 oxidative	 addition	 an	 energetically	 favored	
pathway.	 On	 the	 other	 hand,	 Cacyl–O	 bond	 cleavage	 is	 less	 energetically	 demanding	 in	 aromatic	
carboxylic	acid	derivatives	(21),	as	observed	by	Yamamoto.	However,	the	complex	resulting	from	the	
subsequent	 decarbonylation	 (X)	 is	 comparably	 stable;	 this	 markedly	 different	 behaviour	 of	 aryl	
carboxylic	 acid	 derivatives	 (21)	 has	 allowed	 for	 the	 design	 of	 Ni-catalyzed	 decarbonylative	 cross-
couplings	reactions	of	aromatic	carboxylic	acids..23,24	This	reactivity	is	beyond	the	scope	of	this	thesis,	
which	deals	with	exclusively	the	coupling	of	phenol	derivatives	and	related	electrophiles	via	C–O	bond	
cleavage.	
	
1.2.2.2.	Ni-catalyzed	cross-coupling	of	aryl	and	benzyl	esters	
	
C–C	bond	formation	
	
Aryl	 carboxylates	 derived	 from	 arenolic	 compounds	 have	 been	 demonstrated	 to	 be	 inefficient	
electrophiles	 in	 KTC-type	 reactions	 due	 their	 high	 reactivity	 towards	 nucleophilic	 addition	 of	 the	
                                                
23	(a)	K.;	Muto,	K.;	Yamaguchi,	J.;	Itami,	K.	J.	Am.	Chem.	Soc.	2012,	134,	13573.	(b)	Muto,	K.;	Yamaguchi,	J.;	Musaev,	D.	
G.;	Itami,	K.	Nat.	Commun.	2015,	6,	7508.	(c)	Guo,	L.;	Chatupheeraphat,	A.;	Rueping,	M.	Angew.	Chem.	Int.	Ed.	2016,	55,	
11810.	(d)	Pu,	X.;	Hu,	J.;	Zhao,	Y.;	Shi,	Z.ACS	Catal.	2016,	6,	6692.	
24	For	 related	Cacyl–O	bond	cleavage	processes	 that	undergo	without	decarbonylation:	 (a)	Tatamidani,	H.;	Kakiuchi,	F.;	
Chatani,	N.	Org.	Lett.	2004,	6,	3597.	 (b)	Hie,	 L.;	Nathel,	N.	F.	F.;	Hong,	X.;	Yang,Y.-F.;	Houk,	K.	N.;	Garg,	N.	K.	Angew.	
Chem.	Int.	Ed.	2016,	55,	2810.	
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Grignard	 reagent,	 which	 promotes	 undesired	 Cacyl–O	 bond	 cleavage.	 However,	 more	 robust	 vinyl	
esters	 can	 be	 efficiently	 coupled	 with	 organomagnesium	 reagents	 under	 Fe-based	 catalytic	
conditions.3		
	
Scheme	1.8.	Ni-catalyzed	Negishi-type	coupling	reactions	of	aryl	pivalates.		
	
In	 contrast	 to	Grignard	 reagents,	 less	 reactive	 arylzincates	 can	 be	 coupled	with	 aryl	 pivalates	 via	
Caryl–O	bond	cleavage	as	first	reported	by	Shi	using	[NiCl2(PCy3)2]	as	the	precatalyst	(Scheme	1.8).25,26	
This	Ni-catalyzed	Negishi-type	coupling	faced	the	common	issue	in	C–O	bond	activation:	namely,	the	
higher	 reactivity	of	π-extended	systems	when	compared	with	 simple	arenes.	This	 could	be	partially	
alleviated	by	 installing	an	electro-withdrawing	groups	at	para	 position	 to	 the	phenyl	pivalate	 (22c);	
additionally,	 indenyl	 and	 styryl	 backbones	 provided	 good	 yields	 of	 the	 coupled	 product	 (22d).	 The	
authors	suggested	a	“classical”	catalytic	cycle	including	oxidative	addition	of	the	Caryl–O	bond	to	Ni(0)	
species,	followed	by	transmetalation,	and	finally	reductive	elimination	that	delivers	the	desired	biaryl	
motif.	 This	 proposal	 is	 in	 line	 with	 Liu´s	 suggested	 mechanistic	 scenario	 for	 the	 Suzuki-Miyaura	
coupling	of	analogous	electrophiles	(Scheme	1.4).	
	
                                                
25	Li,	B.-J.;	Li,	Y.-Z.;	Lu,	X.-Z.;	Liu,	J.;	Guan,	B.-T.;	Shi,	Z.-J.	Angew.	Chem.	Int.	Ed.	2008,	47,	10124.		
26	Ni(II)	precatalyst	can	be	in	situ	reduced	to	the	active	Ni(0)	specie	in	the	presence	of	the	organozinc,	orgnolithium	or	
Grignard	reagents.	
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Scheme	1.9.	Stereospecific	Ni-catalyzed	Negishi	coupling	of	benzylic	ester	derivatives:	Mechanistic	
rationale.	(ee	=	Enantiomeric	excess).	
As	part	of	an	intensive	program	aimed	at	the	use	of	benzylic	esters	as	electrophiles	in	stereospecific	
cross-coupling	 reactions,3d	 Jarvo	 and	 coworkers	 reported	 a	 Ni-catalyzed	 Negishi-type	 coupling	 of	
enantioenriched	 secondary	 benzylic	 ester	 derivatives	 with	 [ZnMe2].27	Inspired	 by	 the	 work	 of	
Liebeskind	 using	 benzyl	 thioethers,28	it	 was	 hypothesized	 that	 leaving	 groups	with	 pendant	 ligands	
that	chelate	to	Zn	(XI)	would	promote	the	dissociation	of	the	leaving	group.	Therefore,	a	coordination	
site	would	be	generated	on	the	Ni	center	(XII),	which	would	favor	transmetalation	over	undesirable	
β–hydride	 elimination	 (Scheme	 1.9).	 Additionally,	 Zn	 coordination	 to	 the	 phenolic	 oxygen	 would	
weaken	the	benzylic	C–O	bond,	accelerating	the	corresponding	oxidative	addition.	Accordingly,	after	a	
systematic	 optimization	 of	 the	 leaving	 group,	 the	 Jarvo	 and	 coworkers	 identifed	 benzyl	
(methylthio)acetates	 (24)	 as	 the	 most	 optimal	 substrates.	 Thus,	 a	 number	 of	 enantioenriched	
secondary	benzyl	alcohol	derivatives	bearing	2-naphthyl	or	benzo-fused	heteroaryl	substituents	could	
be	efficiently	coupled	with	essentially	perfect	stereospecificity,	a	recurring	limitation	in	catalytic	C–O	
bond	cleavage	reactions.	However,	it	must	be	noted	that	substrates	with	a	simple	aryl	substituents	or	
tertiary	 benzylic	 esters	 were	 not	 efficient	 in	 this	 class	 of	 cross-coupling.	 The	 overall	 inversion	 of	
configuration	of	the	benzylic	carbon	was	rationalized	with	a	SN2-type	oxidative	addition	that	 inverts	
the	 configuration,	 while	 well-precedented	 retention	 of	 configuration	 occurs	 upon	 transmetalation	
and	 reductive	 elimination.29	Notably,	 despite	 the	 presence	 of	β–hydrogens,	 undersirable	β–hydride	
elimination	 or	 isomerization	 pathways	 could	 be	 avoided	 with	 this	 chelating	 strategy,	 even	 in	
substrates	 prone	 to	 racemization	 such	 as	 3-indoyl	 substituted	 species	 or	 benzhydryl	 derivatives.	
Remarkably,	 this	methodology	 is	 particularly	 sensitive	 to	 the	 nature	 of	 the	 organometallic	 species	
employed,	as	Et2Zn	required	a	re-optimization	of	the	reaction	conditions	in	order	to	obtain	moderate	
yields.	The	authors	demonstrated	the	applicability	of	this	Negishi-type	reaction	in	medicinal	chemistry	
                                                
27	Wisniewska,	H.	M.;	Swift,	E.	C.;	Jarvo,	E.	R.	J.	Am.	Chem.	Soc.	2013,	135,	9083.	
28	Srogl,	J.;	Liu,	W.;	Marshall,	D.;	Liebeskind,	L.	S.	J.	Am.	Chem.	Soc.	1999,	121,	9449.		
29	Stille,	J.	K.	Oxidative	Addition	and	Reductive	Elimination.	In	The	Chemistry	of	the	Metal-Carbon	Bond;	Hartley,	F.	R.;	
Patai,	S.,	Eds.;	Wiley:	New	York,	1985;	Vol.	2,	pp	625.	
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by	 applying	 it	 on	 the	 synthesis	 of	 retinoic	 acid	 receptor	 (RAR)	 ligand	 (Scheme	 1.10,	27)30	and	 anti-
flamatory	agent	FAAH	inhibitor	(28).31	Furthermore,	cholesterol	regulator	29	was	prepared	by	means	
of	 a	 related	 sterospecific	 Negishi-type	 ring	 opening	 of	 6-aryl	 substituted	 enantioenriched	 δ-
valerolactone	derivatives	with	[ZnMe2].32	
	
	
Scheme	1.10.	Medicinal	agents	prepared	by	stereospecific	Negishi-type	coupling	of	benzylic	esters.	
	
The	advances	achieved	 in	metal-catalyzed	cross-coupling	 reactions	of	aryl	and	benzyl	esters	using	
organozinc	 derivatives	 can	 be	 complemented	 by	 an	 isolated	 example	 of	 a	 Pd-catalyzed	 Sille-type	
coupling	described	by	Pettus	using	benzyl	benzoates.33	Unfortunately,	this	transformation	was	limited	
to	 substrates	 that	 undergo	 C–O	 oxidative	 addition	 to	 Pd(0)	 species	 with	 relative	 ease,	 while	 no	
example	of	less	reactive	aryl	ester	coupling	of	was	shown	in	the	publication.	
	
Given	the	high	air-	and	moisture-sensitivity	of	Mg-	and	Zn-based	nucleophiles,	as	well	as	the	rather	
limited	 functional	 group	 compatibility	 that	 these	 coupling	 partners	 provided,	 alternate	 strategies	
toward	 the	 coupling	 of	 aryl	 and	 benzylic	 esters	 were	 investigated.	 In	 particular,	 boronic	 acid	
derivatives	have	been	shown	to	be	particularly	attractive	alternatives	due	to	their	stable	and	benign	
character,	as	well	as	their	milder	reactivity.	The	first	Suzuki-Miyaura	cross-coupling	reaction	of	ester	
derivatives	was	reported	in	2005	by	Kuwano	and	Yokogi	using	benzyl	acetates	and	Pd(II)	precatalyst	
(Scheme	 1.11).34	Interestingly,	 it	 was	 shown	 that	 alcoholic	 solvents	 played	 an	 important	 role	 in	
reactivity.	A	plausible	explanation	 for	 this	observation	may	be	 that	 the	acetates	coordinated	 to	 the	
Pd(II)	center	exchange	with	alkoxide	ligands	following	oxidative	addition,	which	may	then	accelerate	
the	subsequent	transmetalation	with	boronic	acid.	
	
	
Scheme	1.11.	Pd-catalyzed	Suzuki-Miyaura	coupling	of	benzyl	acetates.	
	
Influenced	by	this	seminal	work,	the	research	groups	of	Garg	and	Shi	independently	developed	the	
first	 Suzuki-Miyaura-type	 cross-coupling	 of	 more	 challenging	 aryl	 ester	 derivatives	 using	 aryl	
                                                
30	Yu,	K.-L.;	Spinazze,	P.;	Ostrowski,	J.;	Currier,	S.	J.;	Pack,	E.	J.;	Hammer,	L.;	Roalsvig,	T.;	Honeyman,	J.	A.;	Tortolani,	D.	R.;	
Reczek,	P.	R.;	Mansuri,	M.	M.;	Starrett,	J.	E.,	Jr.	J.	Med.	Chem.	1996,	39,	2411.		
31	Johnson,	D.	S.;	Ahn,	K.;	Kesten,	S.;	Lazerwith,	S.	E.;	Song,	Y.;	Morris,	M.;	Fay,	L.;	Gregory,	T.;	Stiff,	C.;	Dunbar,	J.	B.,	Jr.;	
Liimatta,	M.;	Beidler,	D.;	Smith,	S.;	Nomanbhoy,	T.	K.;	Cravatt,	B.	F.	Bioorg.	Med.	Chem.	Lett.	2009,	19,	2865.		
32	Tollefson,	E.	J.;	Dawson,	D.	D.;	Osborne,	C.	A.;	Jarvo,	E.	R.	J.	Am.	Chem.	Soc.	2014,	136,	14951.	
33	Lindsey,	C.	C.;	O’Boyle,	B.	M.;	Mercede,	S.	J.;	Pettus,	T.	R.	R.	Tetrahedron	Lett.	2004,	45,	867.		
34	Kuwano,	R.;	Yokogi,	M.	Chem.	Commun.	2005,	5899.		
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boronates	or	aryl	boroxines	and	[Ni(PCy3)Cl2]	as	precatalyst	(Scheme	1.3).17	Shi	proposed	a	“classical”	
Ni(0)/Ni(II)	catalytic	cycle,	which	was	later	corroborated	by	Liu	in	a	detailed	computational	study	that	
also	expains	the	intricacies	behind	the	site-selectivity	of	this	transformation	(Scheme	1.4	and	1.5).12a	
Garg,	Snieckus,	and	Houk	applied	a	rather	similar	catalytic	system	in	the	Suzuki-Miyaura	coupling	of	
aryl	carbamates	and	sulfonates.35	Based	on	computational	studies,	the	authors	described	a	“classical”	
catalytic	cycle	characterized	by	a	five-centered	mono-ligated	oxidative	addition	transition	state	that	is	
reminiscent	of	that	proposed	by	Itami,	Yamaguchi	and	Lei	(VIII).21	Subsequently,	Molander	expanded	
the	 scope	 of	 this	 reaction	 to	 potassium	 heteroaryltrifluoroborates,	 which	 could	 be	 coupled	with	 a	
limited	number	of	aryl	pivalates	bearing	in	all	cases	π–extended	backbones.36	More	recently,	Percec	
observed	that	air-stable	[NiCl(1-naphthyl)(PCy3)2]]	was	an	efficient	precatalyst	for	the	cross-coupling	
of	 naphthyl	 pivalates	 with	 aryl	 neopentylglycolboronates.37	Furthermore,	 the	 applicability	 of	 the	
Suzuki-Miyaura	arylation	of	aromatic	esters	was	demonstrated	in	the	context	of	materials	science	in	
the	synthesis	of	fluorescent	(hetero)-aryl	substituted	anthracene	derivatives	using	a	pyridine-bridged	
pincer	NHC–Ni	(NHC	=	N-heterocyclic	carbene)	complex	supported	by	PCy3.38	
	
In	contrast	to	arylation	protocols,	alkylation	reactions	have	shown	to	be	more	problematic	due	to	
the	 relatively	more	 difficult	 Caryl–Calky	 cross-coupling	 and	 the	 propensity	 to	 undergo	 competitive	β–
hydride	elimination	pathways	when	using	alkyl	partners	possessing	β-hydrogens.	However,	Rueping	
has	recently	reported	a	novel	Ni-catalyzed	alkylation	protocol	of	aryl	pivalates	with	primary	(9-BBN)-
alkyl	 reagents	 (9-BBN	 =	 9-borabicyclo(3.3.1)nonane).39	By	 applying	 high	 temperatures	 (110	 ºC)	 and	
IPr·HCl	 (1,3-bis(2,6-diisopropylphenyl)imidazolium	chloride)	as	a	 ligand,	a	variety	of	naphthyl,	biaryl,	
and	 styrenyl	 systems	 could	 be	 alkylated.	 In	 order	 to	 get	moderate	 to	 good	 yields	 in	 simple	 phenyl	
pivalates	however,	electron-donating	groups	at	the	para	position	to	the	pivaloyl	group	were	needed	
for	 substrate	 activation.	 This	 transformation,	 unfortunately,	 could	 not	 be	 applied	 to	 secondary	 or	
tertiary	alkylboranes	due	to	unproductive	and	competitive	β–hydride	elimination	events.	
	
	
Scheme	1.12.	Stereospecific	Ni-catalyzed	Suzuki-Miyaura-type	arylations	of	benzylic	pivalates.	
	
Taking	 into	 consideration	 the	 inherent	 interest	 of	 enantioenriched	 di-	 and	 triaryl	 stereocenters,	
Jarvo	 and	 Watson	 independently	 developed	 stereospecific	 Suzuki-Miyaura-type	 couplings	 of	
secondary	 benzylic	 pivalates	 using	 aryl	 boronates	 or	 aryl	 boroxines,	 respectively	 (Scheme	 1.12,	
left).40,41	In	analogy	to	 the	previously	described	Negishi-type	coupling,27	 Jarvo	and	Watson	observed	
                                                
35	Quasdorf,	K.	W.;	Antoft-Finch,	A.;	Liu,	P.;	Silberstein,	A.	L.;	Komaromi,	A.;	Blackburn,	T.;	Ramgren,	S.	D.;	Houk,	K.	N.;	
Snieckus,	V.;	Garg,	N.	K.	J.	Am.	Chem.	Soc.	2011,	133,	6352.		
36	Molander,	G.	A.;	Beaumard,	F.	Org.	Lett.	2010,	12,	4022.		
37	Malineni,	J.;	Jezorek,	R.	L.;	Zhang,	N.;	Percec,	V.	Synthesis	2016,	48,	A.		
38	Xu,	M.,	Li,	X.,	Sun,	Z.,	Tu,	T.	Chem.	Commun.	2013,	49,	11539.	
39	Guo,	L.;	Hsiao,	C.-C.;	Yue,	H.;	Liu,	X.;	Rueping,	M.	ACS	Catal.	2016,	6,	4438.  
40	(a)	Harris,	M.	R.;	Hanna,	L.	E.;	Greene,	M.	A.;	Moore,	C.	E.;	Jarvo,	E.	R.	J.	Am.	Chem.	Soc.	2013,	135,	3303.	(b)	Zhou,	Q.;	
Srinivas,	H.	D.;	Desgupta,	S.;	Watson,	M.	P.	J.	Am.	Chem.	Soc.	2013,	135,	3307.	
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an	overall	inversion	of	the	stereochemical	configuration	when	employing	a	[Ni(COD)2]/SIMes	(SIMes	=	
1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene)	 or	 ligand-free	 catalytic	 system.	
However,	 Watson	 demonstrated	 that	 the	 use	 of	 PCy2R	 (R	 =	 Ph,	 Cy)	 results	 in	 retention	 of	 the	
configuration	 via	 a	 stereoretentive	 oxidative	 addition	 (Scheme	 1.12,	 right).	 This	 behavior	 was	 also	
observed	 by	 Jarvo	 in	 the	 Ni(0)/PCy3-catalyzed	 coupling	 of	 benzylic	 carbamates	 with	 aryl	 boronic	
esters.40a	 In	 a	 recent	 report,	 the	 less	 sterically	 hindered	CyJohnPhos	 ligand	was	 shown	 to	 promote	
arylation	of	 tertiary	 enantioenriched	benzylic	 acetates,42	thus	 expanding	 the	 synthesis	 of	 all-carbon	
quaternary	 stereocenters	 beyond	 allylic	 electrophiles.43	In	 this	 work,	 Watson	 proposed	 a	 directed	
SN2´oxidative	addition	via	a	seven-membered	transition	state	in	which	the	acetate	binds	the	Ni	center	
(XVII).	This	transition	state	leads	to	a	Ni(II)–OPiv	benzylic	h3-complex	with	the	same	stereochemistry	
as	 the	 starting	 material	 (XVIII)	 (Scheme	 1.12,	 right).	 This	 C(sp3)–O	 bond	 activation	 mechanism	
explained	the	observed	stereoretention	and	also	the	requirement	for	napthyl	substituents.	
	
In	 the	 class	 of	Mirozocki-Heck-type	 coupling	 reactions,	 activated	 benzyl	 trifluoroacetates44	can	 be	
coupled	 with	 olefins	 under	 Pd	 catalytic	 conditions.	 This	 transformation	 can	 be	 achieved	 in	 an	
asymmetric	 fashion	 using	 a	 chiral	 phosphoramidite	 ligand.45	Watson	 achieved	 a	 significant	 step	
torward	Mizoroki-Heck-type	reactions	via	C–O	bond	cleavage	using	aryl	pivalates	as	substrates.46	As	
expected	 for	 the	 coupling	 of	 unactived	 phenol	 derivatives	 with	 mild	 coupling	 partners,	 harsh	
conditions	 (150	 ºC)	 were	 required	 for	 substrates	 not	 featuring	 extended	 π-systems,	 which	
considerably	restricted	the	functional	group	tolerance	of	the	transformation.		
	
As	 previously	 mentioned,	 Itami	 and	 Yamaguchi	 exploited	 the	 reactivity	 of	 aryl	 carboxylates	 with	
non-metallic	nucleophilic	entities	beyond	substrates	that	easily	undergo	oxidative	addition	(benzylic	
carboxylates).47	In	 particular,	 a	 remarkable	 contribution	was	made	with	 respect	 to	 developing	 a	C–
H/C–O	 coupling	 method	 of	 aryl	 pivalates	 with	 (benz)oxazoles,	 thiazoles	 and	 (benz)imidazoles.20	 In	
addition,	the	authors	described	the	means	to	promote	an	a-arylation	of	ketones48	and	cyclic	amides49	
using	 aryl	 pivalates,	 including	 those	 without	 π–extended	 backbones	 (Scheme	 1.13,	 32a	 and	 32b).	
Thiophene	 bridged	 bis(dicyclohexyl)phosphine	 (dcypt,	 33)	 ligand	 enabled	 the	 isolation	 of	 the	
oxidative	addition	complex	generated	from	2-naphthol-derived	pivalate,	which	presented	a	structure	
similar	 to	 the	 initially	 reported	 dcype-complex	 (19).21	 This	 complex	was	 proved	 to	 be	 a	 competent	
reaction	 intermediate	 and	 a	 suitable	 Ni(II)	 precatalyst.	 Subsequently	 our	 group	 demonstrated	 a	
similar	transformation	could	be	effected	in	an	asymmetric	fashion	by	means	of	BINAP-derived	(34).50	
This	work	constituted	the	first	enantioselective	transformation	using	phenol	derivatives	via	C(sp2)–O	
bond	 cleavage	 and	 complements	 the	 protocols	 discussed	 above	 that	 deal	 with	 stereospecific	
reactions	of	substrates	with	pre-existing	stereocenters.3d		
	 	
                                                                                                                                      
41	For	a	 later	Suzuki-Miyaura	arylation	of	achiral	benzylic	pivalates	using	an	air-stable	Ni(II)-precatalyst:	Chen,	Q.;	Fan,	
X.-H.;	Zhang,	L.-P.;	Yang,	L.-M.	RCS	Adv.	2015,	5,	15338.		
42	Zhou,	Q.;	Cobb,	K.	M.;	Tan,	T.;	Watson,	M.	P.	J.	Am.	Chem.	Soc.	2016,	138,	12057.		
43	Trost,	B.	M.;	Crawley,	M.	L.	Chem.	Rev.	2003,	103,	2921.  
44	(a)	Narahashi,	H.;	Yamamoto,	A.;	Shimizu,	I.	Chem.	Lett.	2004,	33,	348.	(b)	Narahashi,	H.;	Shimizu,	I.;	Yamamoto,	A.	J.	
Organomet.	Chem.	2008,	693,	283.		
45	Yang,	Z.;	Zhou,	J.	S.	J.	Am.	Chem.	Soc.	2012,	134,	11833.		
46	Ehle,	A.	R.;	Zhou,	Q.;	Watson,	M.	P.	Org.	Lett.	2012,	14,	1202.	
47	For	 selected	 reactions	 of	 benzylic	 esters	 with	 different	 nucleophiles:	 (a)	 Assié,	 M.;	 Legros,	 J.-Y.;	 Fiaud,	 J.-C.	
Tetrahedron:	Asym.	2005,	16,	1183.	(b)	Yokogi,	M.;	Kuwano,	R.	Tetrahedron	Lett.	2007,	48,	6109.	(c)	Uneo,	S.;	Komiya,	
S.;	Tanaka,	T.;	Kuwano,	R.	Org.	Lett.	2012,	14,	338.		
48	Taksie,	R.;	Muto,	K.	Yamaguchi,	J.;	Itami,	K.	Angew.	Chem.	Int.	Ed.	2014,	53,	6791.		
49	Koch,	E.;	Takise,	R.;	Studer,	A.;	Yamaguchi,	J.;	Itami,	K.	Chem.	Commun.	2015,	51,	855.		
50	Cornella,	J.;	Jackson,	E.	P.;	Martin,	R.	Angew.	Chem.	Int.	Ed.	2015,	54,	4075.  
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Scheme	1.13.	Ni-catalyzed	α-arylation	of	pronucleophiles	with	aryl	pivalates.	
	
As	part	of	 a	 research	program	aimed	at	achieving	 reductive	 coupling	with	heterocumulenes,51	we	
reported	 the	 first	 cross-electrophile	 coupling	 of	 aryl	 and	 benzyl	 esters	 using	 carbon	 dioxide,52	and	
subsequently,	isocyanates.53	A	prototypical	mechanistic	scenario	based	on	an	initial	oxidative	addition	
of	the	C(sp2)–OPiv	bond	to	Ni(0)	species	followed	by	Mn-promoted	single-electron	reduction	to	a	Ni(I)	
intermediate	 was	 proposed.	 The	 Caryl–Ni(I)	 bond	 thus	 formed	 can	 insert	 carbon	 dioxide	 prior	 to	 a	
second	 single-electron	 transfer,	 which	 generate	 the	 desired	 carboxylic	 acid	 while	 recovering	 the	
active	 Ni(0)	 species.	 In	 both	 carboxylation	 and	 amidation	 reactions,	 π-extended	 backbones	 were	
required,	 although	 the	 use	 of	 traceless	 directing	 groups27,28	 allowed	 for	 the	 coupling	 of	 regular	
aromatic	motifs	via	C(sp3)–O	bond	activation.	More	recently,	Shi	and	co-workers	have	extended	the	
scope	 of	 the	 reductive	 coupling	 arena	 by	 designing	 a	 platform	 for	 coupling	 bromoarenes	 with	 a	
variety	of	aryl	and	benzylic	C–O	electrophiles,	including	pivalates,	methyl	ethers	and	free	alcohols.54	
Reductive	cleavage	
	
The	development	of	homogeneous	catalytic	techniques	for	the	hydrogenolysis	of	robust	C–O	bonds	
has	provided	chemists	with	an	alternative	functionalization	strategy	based	on	the	unique	reactivities	
of	unactivated	phenol	derivatives.	As	part	of	a	continued	research	interest	 in	the	catalytic	reductive	
cleavage	 of	 aryl	methyl	 ethers,	 Tobisu	 and	 Chatani	 reported	 the	 nickel-catalyzed	 hydrogenolysis	 of	
phenyl	pivalates.55		
	
	
Scheme	1.14.	Traceless	directing	group	strategy	for	arene	functionalization.	
	
In	line	with	our	studies,56	the	combination	of	PCy3	as	the	ligand	and	a	silane	as	the	reducing	agent	
turned	out	to	be	particularly	efficient	for	achieving	reductive	C-O	bond	cleavage	as	the	desired	arenes	
were	obtained	in	high	yields	(Scheme	1.14).	The	authors	highlighted	the	utility	of	this	transformation	
as	 a	 strategy	 for	 using	 pivalate	 moiety	 as	 a	 temporary	 directing	 group	 (Scheme	 1.14).	 The	 higher	
reactivity	of	alkoxysilanes	compared	with	alkylsilanes	in	both	Tobisu	and	Martin´s	methods	has	been	
                                                
51	Börjeson,	M.;	Moragas,	T.;	Gallego,	D.;	Martin,	R.	ACS	Catal.	2016,	6,	6739.		
52	Correa,	A.;	León,	T.;	Martin,	R.	J.	Am.	Chem.	Soc.	2014,	136,	1062.	
53	Correa,	A.;	Martin,	R.	J.	Am.	Chem.	Soc.	2014,	136,	7253.	
54	Cao,	Z.-C.;	Luo,Q.-Y.;	Shi,	Z.-J.	Org.	Lett.	2016.	DOI:	10.1021/acs.orglett.6b02656.	
55	Tobisu,	M.;	Yamakawa,	K.;	Shimasaki,	T.;	Chatani,	N.	Chem.	Commun.	2011,	47,	2946.		
56	(a)	Alvarez-Bercedo,	P.;	Martin,	R.	J.	Am.	Chem.	Soc.	2010,	132,	17352.	(b)	Ref.	13a.	
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attributed	to	a	more	pronounced	Lewis	acidity	of	the	former,	which	may	favor	a	σ-bond	metathesis	
step	 with	 the	 [Ni(II)(Ar)(OPiv)]	 oxidative	 addition	 complex,	 thus	 forming	 the	 corresponding	
[Ni(II)(Ar)H]	intermediate	together	with	R3Si–OPiv.	However,	evidence	of	oxidative	addition	or	σ-bond	
metathesis	was	not	provided.	
	
C–heteroatom	bond	formation	
	
Significant	efforts	in	homogeneous	catalysis	have	been	focused	on	the	formation	of	C–heteroatom	
bonds.	 Carefully	 designed	 Pd-	 and	 Cu-catalyzed	 C–halogen	 bond	 cleavage/C–heteroatom	 bond	
formation	strategies	have	contributed	to	streamline	the	synthesis	of	numerous	pharmaceuticals	and	
other	molecules	with	biological	properties	of	interest.57	However,	the	forging	of	C–heteroatom	bonds	
by	means	of	the	catalytic	activation	of	unactivated	C–O	electrophiles	has	been	poorly	investigated	as	
compared	 with	 C–C	 coupling	 reactions.	 The	 challenges	 of	 this	 transformation	 lie	 not	 only	 in	 the	
inherent	difficult	in	cleaving	highly	energetic	C–O	bonds,	but	also	in	the	general	lower	nucleophilicity	
of	 heteroatom-based	 reagents	 as	 compared	 with	 organometallic	 species.	 Furthermore,	 Ni–
heteroatom	bond-containing	complexes	tend	to	be	more	stable	than	the	corresponding	Ni–C	species,	
thus	 imposing	 an	 added	 difficulty	 towards	 the	 design	 of	 an	 efficient	 catalytic	 cycle	 for	 forming	 C–
heteroatom	bonds	via	C–O	bond	scission.	
	
	
Scheme	1.15.	Ni-catalyzed	amination	of	aryl	pivalates		
	
The	 basic	 reaction	 conditions	 required	 for	 generating	 the	 N-based	 nucleophiles57a-b	 represent	 an	
additional	 problem	 when	 exmploying	 aryl	 esters	 in	 C–N	 bond	 formation	 protocols	 due	 to	 their	
intrinsic	proclivity	 for	O–C(O)R	hydrolysis.	The	pioneering	work	of	Kuwano	described	a	Pd-catalyzed	
amination	protocol	of	activated	benzylic	acetate	substrates	towards	C–O	bond	cleavage.47b	As	part	of	
their	 interest	 in	C–N	bond	formation	using	less	reactive	C(sp2)–O	electrophiles,58	Tobisu	and	Chatani	
later	 reported	 a	 Buchwald-Hartwig	 amination	 protocol	 using	 aryl	 pivalates	 as	 electrophiles	 and	
[Ni(COD)2]	as	the	precatalyst	(Scheme	1.15).59	Surprisingly,	the	strongly	basic	conditions	did	not	result	
in	competitive	hydrolysis	of	the	ester	functionality.	With	the	developed	system,	the	authors	were	able	
to	 improve	 the	 generality	 and	 chemoselectivity	 of	 their	 previous	 amination	 methodology	 of	 aryl	
methyl	ethers.58	The	higher	reactivity	of	aryl	pivalates	allowed	for	the	amination	of	unbiased	non	π–
extended	 systems	 under	 comparatively	milder	 reaction	 conditions,	 thus	 significantly	 improving	 the	
functional	group	tolerance.	Unfortunately,	high	catalyst	and	ligand	loadings	were	still	required.	
	
	 	
                                                
57	(a)	Hartwig,	J.	Acc.	Chem.	Res.	1998,	31,	852.	(b)	Wolfe,	O.	P.;	Wagaw,	S.;	Marcoux,	J.-F.;	Buchwald,	S.	L.	Acc.	Chem.	
Res.	1998,	31,	805.	(c)	Beletskaya,	I.P.;	Cheprakov,	A.V.	Coordination	Chemistry	Reviews	2004,	248,	2337.	(d)	Hartwig,	J.	
F.	Nature	2008,	455,	314.	
58	(a)	 Tobisu,	M.;	 Shimasaki,	 T.;	 Chatani,	 N.	 Chem.	 Lett.	 2009,	 38,	 710.	 (b)	 Tobisu,	M.;	 Yasutome,	 A.;	 Yamakawa,	 A.;	
Yamakawa,	K.;	Shimasaki,	T.;	Chatani,	N.	Tetrahedron	2012,	68,	5157.		
59	Shimasaki,	T.;	Tobisu,	M.;	Chatani,	N.	Angew.	Chem.	Int.	Ed.	2010,	49,	2929.		
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Scheme	1.16.	Rh-catalyzed	borylation	of	aryl	pivalates.	
	
Following	their	interest	on	Rh-catalyzed	C–heteroatom	bond-forming	reactions,	Tobisu	and	Chatani	
demonstrated,	 for	 the	 first	 time,	 that	 Rh	 catalysts	 are	 capable	 of	 activating	 the	 C–O	 bonds	 of	 aryl	
ester	 derivatives.	 In	 particular,	 a	 Rh(I)-catalyzed	 C–B	 bond	 formation	 protocol	 was	 developed	 that	
employs	aryl	and	alkenyl	pivalates	as	electrophiles	and	B2(nep)2	(42)	as	boron	source	(Scheme	1.16).60	
Remarkably,	 this	 transformation	 works	 under	 base-free	 conditions	 although	 requiring	 high	
temperatures,	high	catalyst	 loadings	and	poly(hetero)aromatic	 substrates	 for	 	achieving	high	yields.	
The	 authors	 proposed	 a	 Rh(I)/Rh(III)	 catalytic	 cycle	 based	 on	 the	 in-situ	 formation	 of	 [Rh(I)Bpin]	
species.	 However,	 it	 was	 not	 elucidated	 whether	 C(sp2)–O	 bond	 activation	 occurs	 via	 a	 concerted	
mechanism	involving	a	six-membered	rhodacycle	transition	state	(XIX),	or	via	direct	oxidative	addition	
forming	a	[Rh(III)OPiv]	(XX)	intermediate.	The	strongly	σ-donating	character	of	the	boryl	ligand	could	
potentially	favor	the	latter	mechanistic	scenario.	
	
In	2015,	Chen,	Han	and	coworkers	demonstrated	that	phenol	derivatives	can	also	be	employed	as	
efficient	electrophiles	towards	the	synthesis	of	organophosphorus	compounds,	reagents	extensively	
used	in	coordination	chemistry	as	well	as	 in	medicinal,	agrochemicals,	and	materials	sciences.61	This	
discovery	opened	up	new	alternatives	to	the	classical	approaches	for	forming	C–P	bonds	that	include	
the	utilization	of	organolithium	or	Grignard	reagents,	and/or	toxic	phosphorus	halides.61	Specifically	
aryl	 and	 benzyl	 pivalates	 could	 be	 phosphorylated	 by	 using	 the	 commonly	 applied	 dcype	 ligand	
(Scheme	1.17).62	Importantly,	C(sp2)–	and	C(sp3)–O	bond	phosphorylation	proved	effective	regardless	
of	 whether	 (hetero)polyaromatic	 or	 non	π-extended	 systems	were	 utilized.	 The	mechanism	 of	 the	
transformation	 was	 proposed	 to	 proceed	 via	 the	 three	 “classical”	 elementary	 steps:	 oxidative	
addition	of	 the	C–OPiv	bond	 to	 the	Ni(0)	metal	 center	 followed	by	 transmetalation,	and	C–P	bond-
reductive	elimination.	
	
                                                
60	Kinuta,	H.;	Hasegawa,	J.;	Tobisu,	M.;	Chatani,	N.	Chem.	Lett.	2015,	44,	366.  
61	(a)	Majoral,	J.-P.,	Ed.	New	Aspects	in	Phosphorus	Chemistry;	Springer:	Berlin,	Germany;	Vol.	1–5,	2010.	(b)	Queffélec,	
C.;	Petit,	M.;	Janvier,	P.;	Knight,	D.	A.;	Bujoli,	B.	Chem.	Rev.	2012,	112,	3777.		
62	(a)	Yang,	 J.;	Chen,	T.;	Han,	L.-B.	 J.	Am.	Chem.	Soc.	2015,	137,	1782.	 (b)	Yang,	 J.;	Xiao,	 J.;	Chen,	T.;	Han,	L.-B.	 J.	Org.	
Chem.	2016,	81,	3911.	
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Figure	1.17.	Ni-catalyzed	C–P	formation	using	aryl	and	benzyl	pivalates.	a	Using	Ph2PH.	
	
Although	 early	 efforts	 have	 been	 realized	 in	 the	 area	 of	 C–O	 bond	 cleavage	 for	 forging	 C–
heteroatom	 bonds,	 the	 recently	 reported	 methodologies	 cannot	 yet	 compete	 in	 efficiency	 and	
applicability	with	the	numerous	Pd-catalyzed	cross-coupling	protocols	using	aryl	halides.57	The	design	
of	new	protocols	that	employ	aryl	and	benzyl	esters	for	the	formation	of	synthetically	versatile	C–Si	or	
C–halogen	 bonds,	 via	 C(sp2)–	 and	 C(sp3)–O	 bond	 cleavage	 would	 be	 highly	 especially	 given	 the	
versatility	of	these	bonds	in	a	wide	range	of	organic	transformations.	
	
1.2.3.	Aryl	methyl	ethers	
	
1.2.3.1.	Special	nature	of	aryl	methyl	ethers	
	
Aryl	methyl	ethers	are	more	nucleophilic	than	the	corresponding	arene	analogues	as	the	mesomeric	
electron-donating	 character	 of	 the	methoxy	 group	 has	 a	 greater	 influence	 on	 the	 π-system	 of	 the	
aromatic	ring	than	its	inductive	electron-withdrawing	nature.	Taking	advantage	of	the	robust	nature	
of	 the	Caryl–OMe	bond,	methoxyarenes	have	been	 traditionally	 used	 in	organic	 synthesis	 as	 control	
elements	for	directing	electrophilic	aromatic	substitution	or	metalation	reactions	at	the	ortho/para	or	
ortho-position,	 respectively.63	Therefore,	 anisole	 rings	are	 susceptible	 to	a	wide	variety	of	 reactions	
including	hydroxylation,	nitration,	halogenation,	sulfonation,	arylation,	alkylation,	and	acylation.	
	
	
Figure	1.4.	Representative	hardwood	lignin	C–O	bonds.	
The	generally	inert	nature	of	the	Caryl–OMe	bond	under	conditions	commonly	employed	in	organic	
synthesis	 has	 resulted	 in	 the	 general	 perception	 that	 aryl	 methyl	 ethers	 cannot	 be	 applied	 as	
counterparts	in	cross-coupling	reactions	via	C–O	bond	cleavage.	After	Dankwardt	revisited	Wenkert´s	
seminal	work	on	the	KTC-coupling	of	anisole	derivatives,6,7	these	compounds	have	since	emerged	as	
the	 most	 desirable	 electrophiles	 within	 the	 phenol	 series	 due	 to	 the	 natural	 and/or	 commercial	
                                                
63	(a)	Fiege,	H.;	Voges,	H.-W.;	Hamamoto,	T.;	Umemura,	S.;	Iwata,	T.;	Miki,	H.;	Fujita,	Y.;	Buysch,	H.-J.;	Garbe,	D.;	Paulus,	
W.	Phenol	Derivatives	in	Ullmann's	Encyclopedia	of	Industrial	Chemistry,	2002,	Wiley-VCH,	Weinheim.	(b)	Rappoport	Z.	
The	chemistry	of	phenols.	Chichester,	UK:	John	Wiley	&	Sons	Ltd.;	2003.	
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supply,	 a	 relatively	 non-toxic	 nature,64	high	 atom-economy,	 and	 the	 opportunity	 for	 late-stage	
diversification	on	basis	of	their	natural	“inertness.”	Additional	efforts	have	been	realized	in	order	to	
carry	 out	 selective	 C–O	 bond	 cleavage	 strategies	 in	 lignin,	 a	 renewable	 biopolymer	 presented	 in	
woody	biomass	and	made	of	aromatic	units	 joined	by	ether	 linkages	(Figure	1.4).65	A	controlled	and	
selective	 scission	 of	 the	 strong	 lignin	 Caryl–O	 bonds,	 hitherto	 far	 out	 of	 reach,	 would	 be	 a	 highly	
desirable	source	of	green	combustible	liquids	as	well	as	useful	aromatic	building	blocks.	
	
1.2.3.2.	Chemoselectivity	in	aryl	methyl	ethers.	Stoichiometric	experiments	
	
Besides	 the	 low	 reactivity	 towards	 C(sp2)–O	 bond	 scission,	 an	 added	 challenge	 that	 should	 be	
overcome	 when	 using	 anisole	 derivatives	 as	 coupling	 reagents	 is	 with	 regards	 to	 site-selectivity	
(Figure	 1.3,	 5).	 Scission	 of	 C(sp3)–O	 in	 anisole	 derivatives	 is	 energetically	 favored	 and	 it	 can	 be	
achieved	 by	 treatment	 with	 strong	 Brønsted	 acids	 (HBr,	 HI)	 or	 Lewis	 acids	 (AlCl3,	 BF3)	 at	 high	
temperatures.2	 The	 corresponding	 dealkylation	 reaction	 occurs	 via	 protonation	 of	 the	 phenolic	
oxygen	 (or	 via	 Lewis	 acid	 interaction)	 followed	 by	 outer-sphere	 SN2	 attack	 of	 the	 corresponding	
counteranion.	 In	 contrast,	 traditional	 pathways	 to	 cleave	 the	 Caryl–O	 bond	 employ	 extremely	 harsh	
conditions	 such	 as	 treatment	 with	 alkali	 metals	 at	 high	 temperatures	 and	 pressures.66	In	 the	 last	
decade,	 transition	metal	 catalyst	mainly	 based	 on	 Ni	 have	 demonstrated	 the	 effective	 cleavage	 of	
C(sp2)–O	bonds	in	aryl	methyl	ethers	even	under	mild	and/or	ligand-free	conditions.3	
	
	
Scheme	1.18.	C(sp2)–	and	C(sp3)–O	site-selectivity	in	anisole	derivatives.	
In	 1998	Milstein	 and	 co-workers	 carried	 out	 stoichiometric	 experiments	 that	 demonstrated	 that	
site-selectivity	of	C–O	bond	activation	in	anisole	derivatives	could	be	controlled	by	a	proper	choice	of	
the	 transition	 metal	 complex.67	Specifically,	 it	 was	 discovered	 that	 bis(tert-butylphosphine)pincer	
ligands	containing	a	methoxybenzene	backbone	(46)	undergoe	Caryl–O	bond	cleavage,	even	at	 room	
temperature,	when	nucleophilic	Rh(I)	complexes	were	utilized	(Scheme	1.18,	left).	As	a	consequence	
of	C(sp2)–O	cleavage	and	subsequent	β–hydride	elimination,	 complex	47	was	obtained.	 In	 contrast,	
more	 electrophilic	 Ni(II)	 species	 preferentially	 promote	 the	 activation	 of	 the	 weaker	 Calkyl–O	 bond	
(Scheme	1.18,	right).	This	may	be	explained	by	the	coordination	of	the	Lewis	acidic	Ni(II)	center	to	the	
ethereal	oxygen	atom,	which	then	favors	the	subsequent	loss	of	the	alkoxy	group	while	preventing	its	
binding	 to	 the	 π-system.	 The	 dealkoxylation	 step	 might	 take	 place	 by	 an	 outer	 or	 inner-sphere	
counteranion	atack,68	thus	furnishing	48	and	MeI.	
	
Following	Wenkert´s	 seminal	 report	 on	 the	 KTC-coupling	 of	 aryl	methyl	 ethers	 via	 [Ni(PPh3)2Cl2]-
catalyzed	Caryl–O	bond	cleavage,6	Dankwardt	examined	the	influence	of	this	type	of	transformation.7	
Electron-rich	bulky	phosphines	such	as	PCy3	or	PCy2Ph	were	identified	as	the	most	promising	ligands	
                                                
64	Anisole,	e.g.,	is	relatively	nontoxic	with	an	LD50	of	3700	mg/kg	in	rats	(MSDS	Number	A6960,	USA,	2011).	As	result	of	
their	 benign	 nature	 and	 pleasant	 smell,	 several	 aryl	 methyl	 ethers	 are	 used	 as	 synthethic	 intermediates	 in	 the	
fragrances	and	agri-food	industries.  
65	(a)	 Kleinert,	M.;	Barth,	 T.	Energy	 Fuels	2008,	22,	 1371.	 (a)	Nguyen,	 J.	D.;	Matsuura,	B.	 S.;	 Stephenson,	C.	R.	 J.	Am.	
Chem.	Soc.	2014,	136,	1218.	(b)	Deuss,	P.	J.;	Barta,	K.	Coord.	Chem.	Rev.	2016,	306,	510.	
66	For	an	isolated	reductive	cleavage	of	biaryl	ethers	with	KOtBu	and	Et3SiH	at	high	temperature	(165	ºC):	Fedorov,	A.;	
Toutov,	A.	A.;	Swisher,	N.	A.;	Grubbs,	R.	H.	Chem.	Sci.	2013,	4,	1640.	
67	van	der	Boom;	M.	E.;	Liou,	S.-Y.;	Ben-David,	Y.;	Shimon,	L.	J.	W.;	Milstein,	D.	J.	Am.	Chem.	Soc.	1998,	120,	6531.		
68	Jones,	C.	E.;	Shaw,	B.	L.;	Turtle,	B.	L.	J.	Chem.	Soc.,	Dalton	Trans	1974,	992.		
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for	 Ni(0)-catalyzed	 KTC-type	 coupling	 reactions	 (Scheme	 1.19).	 This	 in	 agreement	 with	 Milstein´s	
discovery	that	nucleophilic	transition	metal	complexes	favor	C(sp2)–	over	C(sp3)–OMe	bond	cleavage.	
Under	 the	 conditions	 developed	 by	 Dankwardt	 a	 wide	 variety	 of	 aryl	 methyl	 ethers	 could	 be	
transformed	 into	 the	 corresponding	 biaryl	 products	 even	 at	 room	 temperature.	 In	 contrast,	
Wenkert´s	 catalytic	 system,	 based	 on	 PPh3,	 was	 only	 effective	 for	 the	 coupling	 of	 rather	 activated	
substrates	 (π-extended	 or	 vinyl	 systems)	 at	 high	 temperatures	 (Scheme	 1.19).6	 Both	Wenkert	 and	
Dankwardt´s	 findings	 served	 as	 inspirations	 for	 other	 groups	 to	 expand	 the	 substrate	 scope	of	 this	
reaction	by	fine-tuning	the	Ni(0)	source,	the	ligand	backbone	and/or	the	substrate	properties.		
	
	
Scheme	1.19.	Seminal	contributions	on	catalytic	cross-coupling	of	aryl	methyl	ethers.	(Dankwardt´s	
results	correspond	to	conversion).		
Mechanistic	 investigations	 by	 Agapie	 et	 al.	 on	 the	 reductive	 cleavage	 of	 aryl	methyl	 ethers	 shed	
more	light	on	the	intriguing	chemoselectivity	of	the	Ni(0)-catalyzed	Caryl–OMe	bond	activation.69	The	
authors	observed	that	an	aryl	methyl	ether	bearing	a	pendant	electron-rich	phosphine	(51)	promotes	
an	 intramolecular	 and	 stoichiometric	 oxidative	 addition	 of	 the	 C(sp2)–O	 bond	 to	 Ni(0)	 at	 45	 ºC	
(Scheme	1.20).	This	activation	could	be	directly	inferred	by	the	detection	of	53	by	NMR	spectroscopy	
and,	 indirectly,	 by	 isolating	 and	 characterizing	 the	 complex	 resulting	 after	 subsequent	 β–hydride	
elimination	(54).70	
	
	
Scheme	1.20.	Mechanistic	studies	of	the	Ni-catalyzed	hydrogenolysis	of	C(sp2)–OMe	bonds.	
	
Interestingly,	the	authors	were	also	able	to	isolate	the	π-complex	52.	Both	the	solution	NMR	spectra	
and	solid	state	X-ray	structural	data	in	52	were	consistent	with	the	proposed	h2–interaction	between	
Ni(0)	species	and	the	π-system	adjacent	to	the	oxygen	atom	while	ruling	out	any	kind	of	interaction	
with	 the	 ethereal	 oxygen.12,13	 These	 results	 constituted	 the	 first	 experimental	 evidence	 of	 a	 h2–
                                                
69	Kelley,	P.;	Lin,	S.;	Edouard,	G.;	Day,	M.	W.;	Agapie,	T.	J.	Am.	Chem.	Soc.	2012,	134,	5480.		
70	β–H	transfer	from	the	methoxy	to	phenyl	group	was	computationally	proposed	to	occur	via	direct	hydrogen	transfer	
(ref.	13c)	or	via	s–complex-assisted	metathesis	(s-CAM)	(ref.	13d).	
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interaction	of	this	type	between	a	transition	metal	and	an	aryl	methyl	ether71	and	provided	a	direct	
explanation	 for	 the	 site-selectivity	 observed	 in	 the	 Ni-catalyzed	 coupling	 processes	 of	 anisole	
derivatives.	
	
In	contrast	to	all	previous	reports	based	on	the	use	of	late	transition	metals,4	Carpentier	and	Kirillow	
have	 recently	demonstrated	 the	ability	of	 group	3	metals	 for	performing	C(sp2)–OMe	cleavage	 in	a	
stoichiometric	 and	 intramolecular	 fashion.72	In	 particular,	 it	 was	 reported	 that	 the	 backbone	 of	 an	
amidine-amidopyridinate	 ligand	 (55,	 Scheme	 1.21)	 coordinated	 to	 a	 M(I)	 center	 (M	 =	 Y,	 Sc)	 can	
undergo	 a	 tandem	 C(sp2)–OMe	 activation/C(sp2)–C(sp2)	 coupling	 process.	 Whereas	 a	 Ni(0)	 species	
would	coordinate	to	the	arene	system,	early	transition	metal	complexes	preferentially	 interact	with	
the	 ethereal	 oxygen	 due	 to	 their	 high	 oxophilicity.	 This	 interaction	weakens	 both	 C(sp2)–OMe	 and	
C(sp2)–M	bonds	(in	56),	thus	promoting	their	cleavage	via	a	formal	SN2	reaction	and	the	formation	of	
the	C(sp2)–C(sp2)	bond	observed	in	57.	This	reactivity	reveals	that	Caryl–OMe	bond	cleavage	can	occur	
via	mechanisms	other	than	“clasical”	oxidative	addition	and	open	new	opportunities	for	the	design	of	
more	benign	processes.73		
	
	
Scheme	1.21.	C(sp2)–OMe	bond	activation	on	an	early	metal	center.	
	
In	 addition,	 Zeng	 and	 co-workers	 demonstrated	 that	 Group	 VI	 transition	 metals	 were	 also	
competent	 catalysts	 for	 effecting	 C(sp2)–OMe	 bond	 coupling	 reactions.	 They	 reported	 that	 simple	
chromium	 salts,	 in	 the	 absence	 of	 ligand,	 could	 be	 employed	 as	 catalysts	 in	 the	 KTC	 reactions	 of	
anisole	derivatives.74	The	requirement	of	ortho-imine	directing	groups	suggested	the	non-innocence	
character	of	this	functionality	in	Carpentier	and	Kirillov	platform.	
	
	
1.2.3.3.	Ni-catalyzed	cross-coupling	of	aryl	and	benzyl	methyl	ethers	
	
C–C	bond	formation	
	
The	initial	reports	on	the	employment	of	aryl	methyl	ethers	in	coupling	reactions	can	be	attributed	
to	date	to	Meyers	and	colleagues	 in	the	 late	1970´s.	 It	was	shown	that	aryl	methyl	ethers,	carefully	
activated	with	an	oxazoline	at	 the	ortho	 position	 (Scheme	1.22,	58a),	 can	 react	with	both	Grignard	
and	organolithium	 reagents	at	 low	 temperature	 in	 the	absence	of	 a	 transition	metal	 catalyst.75	The	
authors	 proposed	 that	 this	 unusual	 SNAr-type	 reaction	 occurs	 via	 countercation	 chelation	 to	 the	
                                                
71	h2-Complexes	 between	 Ni-(0)	 and	 simple	 arenes	 and	 fluoroarenes	were	 previously	 isolated:	 (a)	 Velian,	 A.;	 Lin,	 S.;	
Miller,	A.	 J.	M.;	Day,	M.	W.;	Agapie,	 T.	 J.	Am.	Chem.	 Soc.	2010,	132,	 6296.	 (b)	Bach,	 I.;	 Pörschke,	K.-R.;	Goddard,	R.;	
Kopiske,C.;	Krüger,	C.;	Rufinska,	A.;	Seevogel,	K.	Organometallics	1996,	15,	4959.	(c)	Hatnean,	J.	A.;	Beck,	R.;	Borrelli,	J.	
D.;	Johnson,	S.	A.	Organometallics	2010,	29,	6077.	
72	Radkov,	V.;	Roisnel,	R.;	Trifonov,	A.;	Carpentier,	J.-F.;	Kirillov,	E.	J.	Am.	Chem.	Soc.	2016,	138,	4350.	
73	Y	 and	 Sc	 are	 as	 abundant	 in	 Earth´s	 crust	 as	Ni.	Whereas	 compounds	 of	 scandium	are	moderately	 toxic,	Ni	 and	 Y	
complexes	are	generally	considered	of	high	toxicity.	
74	Cong,	X.;	Tang,	H.;	Zeng,	X.	J.	Am.	Chem.	Soc.	2015,	137,	14367.		
75	Meyers,	A.	I.;	Gabel,	R.;	Mihelich,	E.	D.	J.	Org.	Chem.	1978,	43,	1372.	
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oxazoline	 nitrogen	 atom	 and	 the	 ethereal	 oxygen	 atom	 (XXI).	 The	 formation	 of	 this	 intermediate	
nicely	explains	both	the	increased	reactivity	and	the	selectivity	for	ortho	over	para	ether	group,	which	
would	not	be	expected	 if	 the	oxazoline	 served	as	a	 simple	electron-withdrawing	group	stabilizing	a	
Meisenheimer-type	complex.	It	should	be	highlighted	that	the	presence	of	the	directing	imine	group	
was	also	a	prerequisite	 in	the	Cr-,	Y-,	and	Sc-mediated	Ar–OMe	bond	scission	protocols	 (vide	 infra).	
The	 use	 of	 carbonyl	 directing	 groups	 in	 similar	 substitution	 reactions	 was	 later	 described.76	In	 line	
with	Meyers’	mechanistic	proposal,	Houk	has	recently	demonstrated	computationally	that	carboxyl-
mediated	 dealkoxylative	 substitution	 with	 organomagnesium	 reagents	 occurs	 via	 an	 inner-sphere	
mechanism	through	a	metalaoxetane-like	transition	state.77	
	
	
Scheme	1.22.	Uncatalyzed	reactions	of	activated	aryl	methyl	ethers	with	Grignard	or	organolithium	
reagents.	
	
In	parallel	with	Meyer´s	work,	Wenkert	developed	a	KTC-type	coupling	of	aryl	methyl	ethers	lacking	
chelating	groups	by	means	of	Ni	catalyzed	C(sp2)–OMe	bond	cleavage	(Scheme	1.19).6	The	scope	of	
these	 reactions	 included	 the	coupling	of	either	PhMgBr	or	MeMgBr	with	NiCl2(PPh3)2	as	precatalyst	
whereas	 alkyl	 Grignard	 reagents	 possessing	 β-hydrogens	 led	 to	 competing	 undesired	 reductive	
pathways	 (Scheme	 1.23,	 A).	 Rather	 low	 yields	 were	 systematically	 observed	 for	 non	 π-extended	
aromatic	 rings,	 a	 recurrent	 drawback	 that	 is	 still	 observed	 in	 recently	 reported	 methodologies.	
Despite	their	considerable	potential,	these	findings	were	unfortunately	overlooked	by	the	success	of	
Pd-catalyzed	 cross-coupling	 reactions	 of	 organic	 halides.1	 It	 was	 not	 until	 25	 years	 later	 when	
Dankwardt,	 working	 in	 DMS	 Pharmaceutical	 Chemicals,	 revisited	 Wenkert´s	 work.	 It	 was	 then	
reported	 that	 the	 use	 of	 bulky	 and	 electron-rich	 phosphines	 could	 efficiently	 address	 the	 KTC	
arylation	of	regular	arenes	lacking	π-extended	backbones	(Scheme	1.23,	B).7	Therefore,	both	Wenkert	
and	 Dankwardt	 made	 essential	 discoveries	 that	 triggered	 the	 development	 of	 many	 new	 catalytic	
transformations	via,	at	first	counterintuitive,	Caryl–OMe	bond	cleavage.4	
	
Inspired	by	the	findings	of	Dankwardt,	several	works	reported	improvements	to	the	efficiency	and	
generality	of	this	transformation	by	fine-tuning	the	 ligand	backbone.	Shi,	 followed	by	Wang	and	Xie	
for	example,	were	able	to	significantly	reduce	the	amount	of	Grignard	reagent	required.	Whereas	Shi	
employed	MeMgBr	under	conditions	closely	resembling	to	those	reported	by	Dankwart,78	Wang	and	
Xie	 developed	 a	modified	 catalyst	 based	 on	 an	 alkyldicyclohexylphosphine	 ligands	 with	 a	 pendant	
pyrazole	(Scheme	1.23,	C).79		
 
                                                
76	See	for	example:	Hattori,	T.;	Suzuki,	M.;	Tomita,	N.;	Takeda,	A.;	Miyano,	S.	J.	Chem.	Soc.,	Perkin	Trans.	1	1997,	1117	
and	references	cited	therein.		
77	Jiménez-Osés,	G.;	Brockway,	A.	J.;	Shaw,	J.	T.;	Houk,	K.	N.	J.	Am.	Chem.	Soc.	2013,	135,	6633.	
78	Guan,	B.-T.;	Xiang,	S.-K.;	Wu,	T.;	Sun,	Z.-P.;	Wang,	B.-Q.;	Zhao,	K.-Y.;	Shi,	Z.-J.	Chem.	Commun.	2008,	1437.		
79	Xie,	L.-G.,	Wang,	Z.-X.	Chem.-Eur.	J.	2011,	17,	4972.		
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Scheme	1.23.	Evolution	of	KTC-type	coupling	of	aryl	methyl	ethers.	
	
Prompted	 by	 the	 high	 reactivity	 of	 electron-rich	 bulky	 ligands	 towards	 Caryl–OMe	 bond	 scission,	
Nicasio	 and	 Prieto	 applied	 a	Ni	 catalyst	 bearing	 a	 bulky	NHC	 ligand	 in	 the	 KTC-arylation	 of	 anisole	
derivatives	 (Scheme	 1.23,	 D).80	Subsequently,	 Sun	 applied	 a	 mixed	 catalytic	 system	 including	 both	
alkyl	phosphine	and	NHC	 ligand	 (Scheme	1.23,	 E).81	Campaña	and	co-workers,	 in	 collaboration	with	
our	 group,	 have	 recently	 applied	 a	 KTC	 arylation	 reaction	 using	 Ni(COD)2	 and	 PCy3	 for	 the	
enlargement	 of	 distorted	 heptagon-containing	 nanographenes. 82 	This	 work	 demonstrates	 the	
potential	applicability	of	this	transformation	in	other	scientific	branches	such	as	nanoscience.	
	
Tobisu	and	Chatani	have	made	significant	efforts	to	 improve	the	scope	of	C–OMe	bond	activation	
protocols	 by	 increasing	 the	 electron-density	 of	 the	 ligand	 employed.	 Both	 authors	 have	 made	
significant	contributions	by	including	NHC	ligands	bearing	cyclohexyl	groups	to	the	arsenal	of	ligands	
that	 efficiently	 couple	 aryl	 methyl	 ethers	 with	 organomagnesium	 reagents.83	By	 the	 utilization	 of	
ICy·HCl	(1,3-bis(2,6-dicyclohexylphenyl)imidazolium	chloride)	as	ligand,	the	scope	of	the	KTC	coupling	
was	 expanded	 to	 include	 different	 alkyl	 Grignard	 reagents	 reluctant	 to	 promote	 undesired	 β-
hydrogen	 elimination	 (Scheme	 1.23,	 F),84	as	 well	 as	 alkynyl	 reagents	 (Scheme	 1.23,	 G).85	More	
recently,	the	same	research	group	was	able	to	develop	a	rather	intriguing	methodology	for	coupling	
alkyl	 Grignard	 reagents	 possessing	 β-hydrogens	 by	 using	 dcype	 as	 ligand	 (Scheme	 1.23,	 H).	 The	
success	 behind	 the	 employment	 of	 this	 bidentate	 phosphine	 may	 lie	 in	 the	 difficult	 dissociation	
required	to	generate	the	agostic	interaction	that	precedes	the	unproductive	β-hydride	elimination.86	
Remarkably,	the	reactions	afforded	high	yields	regardless	of	whether	anisole	derivatives,	π-extended	
                                                
80	Iglesias,	M.	J.;	Prieto,	A.;	Nicasio,	M.	C.	Org.	Lett.	2012,	14,	4318.		
81	Zhang,	J.;	Xu,	J.;	Xu,	Y.;	Sun,	H.;	Shen,	Q.;	Zhang,	Y.	Organometallics	2015,	34,	5792.	
82	Márquez,	I.	R.;	Fuentes,	N.;	Cruz,	C.	M.;	Puente-Muñoz,	V.;	Sotorrios,	L.;	Marcos,	M.	L.;	Choquesillo-Lazarte,	D.;	Biel,	
B.;	 Crovetto,	 L.;	Gomez-Bengoa,	 E.;	González,	M.	 T.;	Martin,	 R.;	 Cuerva,	 J.	M.;	 Campaña,	A.	G.	Chem.	 Sci.	2016.	DOI:	
10.1039/c6sc02895k.  
83	Tobisu,	M.;	Yasutome,	A.;	Kinuta,	H.;	Nakamura,	K.;	Chatani,	N.	Org.	Lett.	2014,	16,	5572.	
84	Tobisu,	M.;	Takahira,	T.;	Chatani,	N.	Org.	Lett.	2015,	17,	4352.	
85	Tobisu,	M.;	Takahira,	T.;	Ohtsuki,	A.;	Chatani,	N.	Org.	Lett.	2015,	17,	680.		
86	Tobisu,	M.;	Takahira,	T.;	Morioka,	T.;	Chatani,	N.	J.	Am.	Chem.	Soc.	2016,	138,	6711.		
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sytems,	or	vinyl	ethers	were	employed.	Of	equal	 interest	was	the	fact	that	the	reactivity	was	highly	
influenced	by	the	counterion	of	the	Grignard	reagent,	an	observation	that	is	reminiscent	of	the	work	
developed	by	Martin	on	the	coupling	of	cyclic	vinyl	ethers.87	
	
 
Scheme	1.24	Computational	study	on	the	Ni-catalyzed	KTC-type	coupling	of	anisole	derivatives.		
 
Based	on	the	non-innocent	behavior	of	the	counterion	as	well	as	the	high	energetic	barrier	required	
for	 the	 oxidative	 addition	 of	 C(sp2)–OMe	 bonds	 to	 Ni(0)	 species,	 the	 authors	 suggested	 that	 this	
transformation	may	not	involve	a	“classical”	oxidative	addition	but	rather	the	intermediacy	of	Ni(0)-
ate	 intermediates.88	A	 computational	 study	 carried	 out	 by	Wang	 and	Uchiyama	on	 the	 arylation	 of	
anisole	 under	 similar	 conditions	 to	 those	 reported	 by	 Dankwardt	 reinforced	 this	 perception.	 The	
energetically	 most	 favorable	 pathway	 found	 involved	 the	 formation	 of	 the	 monophosphine	 h2-
complex	 (XXII)	 from	 the	 in	 situ	 generated	 [Ni(PCy3)2]	 (I),	 followed	 by	 formation	 of	 a	 nickelate	
intermediate	 (XXIII)	 (Scheme	 1.24).13b	 This	 ate-complex	 participates	 in	 the	 subsequent	 Lewis	 acid-
assisted	C(sp2)–OMe	bond	activation	through	a	five-membered	transition	state	(XXIV),	leading	to	the	
formation	of	a	biaryl	Ni(II)-complex	(XXV)	while	transferring	the	methoxide	anion	to	the	magnesium	
center	 (61).	 Intermediate	XXV	 reductively	 eliminates	 with	 ease	 forming	 the	 desired	 biaryl	 product	
while	 recovering	 the	Ni(0)	 active	 species	 (I).	 A	 KTC-coupling	 of	 related	 phenol	 derivatives	was	 also	
proposed	 to	 occur	 via	 cooperative	 effect	 of	 nucleophilic	 nickel	 species	 and	 the	 Lewis	 acidic	
magnesium	centers.12b	Furthermore,	Kambe	and	co-workers	were	able	to	isolate	and	characterize	the	
proposed	diarylrhodate	intermediate	in	the	Rh-catalyzed	cross-coupling	of	aryl	vinyl	ethers	with	aryl	
Grignard	reagents.89	Altogether,	these	studies	provide	a	strong	support	for	the	involvement	of	highly	
reactive	nucleophilic	Ni(0)	species	that	may	account	for	the	high	energy	required	for	the	cleavage	of	
the	C(sp2)–OMe	bond	via	SNAr-type	pathways.	
                                                
87	Cornella,	J.;	Martin,	R.	Org.	Lett.	2013,	15,	6298.	
88	For	Ni(0)-ate	complexes	obtained	from	Ni(COD)2	by	exposure	to	alkyllithium	reagents:	(a)	Wei,	J.;	Zhang,	W.-X.;	Xi,	Z.	
Angew.	Chem.	Int.	Ed.	2015,	54,	5999.	(b)	Kaschube,	W.;	Po ̈rschke,	K.-R.;	Angermund,	K.;	Kru ̈ger,	C.;	Wilke,	G.	Chem.	Ber.	
1988,	121,	1921.	(c)	Jonas,	K.;	Pörschke,	K.	R.;	Krüger,	C.;	Tsay,	Y.-H.	Angew.	Chem.	Int.	Ed.	1976,	15,	621. 
89	Iwasaki,	T.;	Miyata,	Y.;	Akimoto,	R.;	Fujii,	Y.;	Kuniyasu,	H.;	Kambe,	N.	J.	Am.	Chem.	Soc.	2014,	136,	9260.	
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Scheme	1.25.	Ni-catalyzed	cross-coupling	reactions	of	aryl	methyl	ethers	with	alkyllithium	reagents.	
	
Prompted	 by	 the	 seminal	 report	 of	 Murahashi90	and	 the	 following-up	 work	 of	 Feringa	 using	 Pd	
catalysts	 in	 related	 endeavors,91	Rueping	 and	 colleagues	 disclosed	 a	 Ni-catalyzed	 cross-coupling	 of	
aryl	 methyl	 ethers	 with	 neosilyllithium	 (64)	 (Scheme	 1.25). 92 , 93 	Unlike	 other	 C–O	 bond-
functionalization	methodologies,	a	variety	of	non	π-extended	systems	could	be	employed	with	equal	
ease.	However,	 the	coupling	with	other	organolithium	reagents	without	an	stabilizing	a-silyl	moiety	
was	 not	 reported	 likely	 due	 to	 their	 comparatively	 high	 reactivity,	 which	 lead	 to	 competitive	
pathways	such	as	β-hydride	elimination.	The	authors	proposed	a	“classical”	mechanism	consisting	of	
oxidative	 addition,	 transmetalation	 and	 reductive	 elimination.	However,	 it	 is	 unclear	 how	oxidative	
addition	 into	 such	 a	 strong	 bond	 could	 take	 place	 under	 ligand-free	 conditions.	 Accordingly	 to	 our	
previous	discussions,	we	tentatively	consider	that	Ni(0)-ate	complexes	might	be	responsible	 for	 this	
rather	 intriguing	 transformation.	More	 recently,	Hornillios	 and	 Feringa	 reported	 a	 study	 on	 the	Ni-
catalyzed	 cross-coupling	 reactions	 of	 aryl	 and	 heteroaryl	 lithium	 species	 with	 a	 series	 of	 different	
leaving	 groups,	 including	 aryl	 methyl	 ethers.94	Unfortunately,	 a	 limited	 number	 of	 examples	 was	
provided,	so	the	potential	of	these	transformations	has	not	been	fully	explored.	
	
Tobisu	 and	 Chatani,95	followed	 by	 Rueping	 and	 Schoenebeck,96	independently	 demonstrated	 that	
trialkylaluminium	 reagents	 could	 be	 employed	 as	 alternatives	 to	 alkyllithium	 or	 alkyl	 Grignard	
reagents	 in	 alkylation	 protocols	 of	 aryl	 methyl	 ethers.	Whereas	 the	 former	 employed	 ICy·HBF4	 as	
ligand,	the	latter	observed	that	competing	β-hydride	elimination	could	be	blocked	by	using	dcype	as	
ligand	thus	expanding	the	transformation	to	trialkylaluminium	reagents	with	different	chain	lengths.	
Unfortunately,	acyclic	tertiary	triaIkylaluminium	compounds	led	to	a	mixture	of	branched	and	linear	
products.	 On	 the	 basis	 of	 their	 calculations,96	 the	 authors	 proposed	 a	mechanism	 involving	 an	 Al-
assisted	 oxidative	 addition,	 transmetalation	 and	 final	 reductive	 elimination.	 The	 presence	 of	 the	
intermediate	 resulting	 from	 oxidative	 addition,	 [Ni(II)(dcype)(OMe)(Ar)],	 was	 underlined	 via	 the	
quantitative	 formation	 of	 alkylated	 product	 from	 the	 reaction	 of	 [Ni(II)(dppf)Cl(Ar)]	 complex	 (dppf	
=1,1'-bis(diphenylphosphino)ferrocene)	with	AlEt3.97	Likewise,	a	C–O	bond	activation	mechanism	via	
the	intermediacy	of	ate	complexes	was	calculated	to	be	less	energetically	favored,	which	is	in	contrast	
to	Uchiyama	and	Wang	studies	(Scheme	1.26).13b,98	The	authors	also	shown	that	reductive	elimination	
                                                
90	Murahashi,	S.-I.;	Yamamura,	M.;	Yanagisawa,	K.-i.;	Mita,	N.;	Kondo,	K.	J.	Org.	Chem.	1979,	44,	2408.		
91	Giannerini,	M.;	Fañanàs-Mastral,	M.;	Feringa,	B.L.	Nature	Chem.	2013,	5,	667.		
92	Leinendecker,	M.;	Hsiao,	C.-C.;	Guo,	L.;	Alandini,	N.;	Rueping,	M.	Angew.	Chem.	Int.	Ed.	2014,	53,	12912.	
93	Under	ligand-free	conditions	various	vinyl	ether	derivatives	could	be	coupled	using	the	same	lithium	reagent:	Guo,	L;	
Leinendecker,	M.;	Hsiao,	C.-C.;	Baumann,	C.;	Rueping,	M.	Chem.	Commun.	2014,	51,	1937.	
94	Heijnen,	D.;	Gualtiorotti,	J.-B.;	Hornillos,	V.;	Feringa,	B.	L.	Chem.	Eur.	J.	2016,	22,	3991.	
95	Morioka,	T.;	Nishizawa,	A.;	Nakamura,	K.;	Tobisu,	M.;	Chatani,	N.	Chem.	Lett.	2015,	44,	1729.	
96	Liu,	X.;	Hsiao,	C.-C.;	Kalvet,	I.;	Leiendecker,	M.;	Guo,	L.;	Schoenebeck,	F.;	Rueping,	M.	Angew.	Chem.	Int.	Ed.	2016,	55,	
6093.		
97	This	observation	should	not	be	considered	conclusive	not	only	because	the	 ligand	utilized	differs	 from	that	used	 in	
the	 catalytic	 conditions,	 but	 also	because	 this	 experiment	exclusively	 support	 the	C(sp2)–C(sp3)	 reductive	elimination	
step	from	[Ni(II)(dppf)(alkyl)(Ar)]	species,	while	no	information	could	be	extrapolated	regarding	the	C(sp2)–OMe	bond	
activation.	
98	The	 energetic	 barrier	 for	 the	 Al-assisted	 oxidative	 addition	 correspond	 to	 the	 bi-ligated	 transition	 state	 (+18.6	
kcal/mol).	 However,	 for	 the	 nickelate	 assisted	 C–O	bond	 cleavage	 pathway	 they	 proposed	 a	mono-ligated	 transition	
state	that,	unquestionably,	would	be	energetically	less	favored	(+33.9	kcal/mol).	
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from	[Ni(II)(dcype)(alkyl)(Ar)]	is	slightly	more	energetically	favored	than	the	corresponding	β–hydride	
elimination,	which	explain	the	minimal	amount	of	reduced	product	detected.	
	
In	addition	to	the	studies	focusing	on	the	activation	of	C(sp2)–OMe	bonds	in	aryl	ether	derivatives,	
significant	 efforts	 have	 also	 been	 directed	 towards	 the	 activation	 of	 experimentally	 found	 less	
reactive	 C(sp3)–OMe	 bonds.99	The	 group	 of	 Shi,	 by	 employing	 [NiCl2(dppf)],	 disclosed	 the	 first	 KTC	
methylation	 of	 benzyl	 methyl	 ethers,	 including	 those	 without	 π–extended	 backbones. 100 	This	
methodology	is	complementary	to	the	KTC	cross-coupling	of	aryl	ethers	reported	by	the	same	group	
using	 [NiCl2(PCy3)2],78	 thus	 providing	 excellent	 site-selective	 functionalization	 of	 either	 C(sp2)–O	 or	
C(sp3)–O	 bond.	 Subsequently,	 Jarvo,	 as	 part	 of	 her	 interest	 in	 stereospecific	 transformations	 of	
benzylic	C–O	electrophiles,3d	disclosed	a	series	of	 reports	detailing	 their	 studies	on	 the	Ni-catalyzed	
stereospecific	 KTC	 reactions	 of	 benzyl	 methyl	 ethers	 possessing	 either	 aromatic	 or	 aliphatic	
substituents	at	the	a	position.	Different	set	of	conditions	were	developed	depending	on	whether	the	
Grignard	reagent	or	the	substrate	itself	possessed	β-hydrogens	or	not,	and	the	benzylic	backbone	is	a	
polyaromatic	motif	or	not.	 In	particular,	 it	was	 found	that	dppe	 (1,2-bis(diphenylphosphino)ethane)	
was	crucial	for	suppressing	undesired	β-hydride	elimination	when	aliphatic	nucleophilic	components	
were	 employed.101	On	 the	 other	 hand,	 the	 limitation	 to	 π-extended	 backbones	 was	 addressed	 by	
using	benzyl	ethers	bearing	a	chelating	alkoxy	group	 (methoxyethyl).102	As	discovered	by	Liebeskind	
when	 using	 benzyl	 thioethers,28	 and	 extended	 by	 Jarvo	 to	 benzyl	 (methylthio)acetates	 (Scheme	
1.19),27	 the	 use	 of	 such	 chelating	 leaving	 groups	 significantly	 weaken	 the	 benzylic	 C–O	 bond	 and	
accelerates	the	rate	of	oxidative	addition	and	transmetalation.		
	
Scheme	1.26.	Mechanism	for	the	formation	of	enantioenriched	and	racemic	products	in	
stereospecific	coupling	of	benzylic	ethers.	
	
In	 all	 cases,	 the	 stereospecific	 KTC	 reaction	 proceeded	 with	 net	 inversion	 of	 configuration	
suggesting	that	C(sp3)–Oalkyl	oxidative	addition	probably	takes	place	via	SN2	mechanism	followed	by	
a	stereoretentive	transmetalation	and	reductive	elimination	(Scheme	1.26,	path	a).	In	some	cases,	an	
erosion	in	enantiospecificity	was	observed,	which	was	rationalized	by	nucleophilic	attack	of	a	second	
Ni	 species	 to	 the	key	π–benzylnickel	 intermediate	 (Scheme	1.26,	path	b).	This	 is	 in	agreement	with	
the	observed	inverse	correlation	between	catalyst	loading	and	reaction	enantiospecificity.	Therefore,	
in	 order	 to	 improve	 the	 yield	without	 compromising	 the	 stereospecificity,	 in	 some	 cases	 a	 second	
                                                
99	Unlike	 the	 tendency	 observed	 in	 C–OCOR	 bond	 cleavage,	 benzylic	 C–OMe	 bonds	 are	 less	 reactive	 than	 the	
corresponding	 arylic	 bonds	 (see	 ref.	 3	 and	 4).	 This	 is	 an	 indication	 that	 different	 mechanisms	 may	 be	 involved	
depending	on	the	nature	of	the	C–O	bond.	
100	Guan,	B.-T.;	Xiang,	S.-K.;	Wang,	B.-Q.;	Sun,	Z.-P.;	Wang,	Y.;	Zhao,	K.-Q.;	Shi,	Z.-J.	J.	Am.	Chem.	Soc.	2008,	130,	3268.		
101	(a)	Taylor,	B.	L.	H.;	Swift,	E.	C.;	Waetzig,	J.	D.;	Jarvo,	E.	R.	J.	Am.	Chem.	Soc.	2011,	133,	389.	(b)	Yonova,	I.	M.;	Johnson,	
A.	G.;	Osborne,	C.	A.;	Moore,	C.	E.;	Morrissette,	N.	S.;	Jarvo,	E.	R.	Angew.	Chem.	Int.	Ed.	2014,	53,	2422.	(c)	Tollefson,	E.	
J.;	Hanna,	L.	E.;	Jarvo,	E.	R.	Acc.	Chem.	Res.	2015,	48,	2344.		
102	(a)	Taylor,	B.	L.	H.;	Harris,	M.	R.;	Jarvo,	E.	R.	Angew.	Chem.	Int.	Ed.	2012,	51,	7790.	(b)	Greene,	M.	A.;	Yonova,	I.	M.;	
Williams,	F.	J.;	Jarvo,	E.	R.	Org.	Lett.	2012,	14,	4293.	
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portion	 of	 precatalyst	 was	 added	 at	 half	 reaction	 time	 to	 maintain	 a	 low	 concentration	 of	 Ni(0)	
species	in	the	reaction	media.	
	
Although	 without	 a	 doubt	 exceptional	 levels	 of	 sophistication	 have	 been	 achieved	 in	 the	 cross-
coupling	 of	 aryl	 and	 benzyl	 ethers	with	Mg-,	 Li-	 or	 Al-based	 organometallic	 counterparts,	 the	 high	
nucleophilicity/basicity	of	these	reagents	results	in	a	rather	low	functional	group	tolerance	as	well	as	
parasitic	β–hydride	elimination	pathways.	A	potential	solution	would	be	the	implementation	of	less-
reactive	 nucleophiles,	 although	 it	 might	 result	 exceptionally	 challenging	 regarding	 the	 high	 bond-
dissociation	 energy	 required	 for	 effecting	 C(sp2)–OMe	 cleavage.	 Uchiyama	 and	 Wang	 met	 this	
challenge	 by	 using	 aryl	 organozincates	 (ArZnMe3Li2)	 and	 [NiCl2(PCy3)2]	 precatalyst,	 conditions	 that	
were	 only	 effective	 for	 the	 coupling	 of	 π–extended	 systems.	103	No	 mechanistic	 experiments	 were	
conducted	 to	 prove	 the	 proposed	 catalytic	 cycle	 involving	 oxidative	 addition,	 transmetalation	 and	
reductive	elimination,	thus	leaving	ample	room	for	the	proposal	of	alternative	scenarios.  
	
	
Scheme	1.27.	Evolution	of	Suzuki-Miyaura	coupling	reaction	with	aryl	ethers.	(Bnep	=	5,5-dimethyl-
1,3,2-dioxaborolane).	
	
An	alternative	Suzuki-Miyaura	coupling	of	aryl	methyl	ethers	would	result	more	efficient	in	terms	of	
applicability	but	less	viable	considering	the	relatively	lower	nucleophilicity	of	organoboron	reagents.	
The	lack	of	reactivity	of	these	coupling	partners	towards	the	activation	of	C(sp2)–OMe	bonds	could	be	
compensated	by	locating	an	activating	group	at	the	ortho	position	of	the	methoxy	moiety.	Based	on	
this	 activation	 strategy,	 Kakiuchi	 and	 Chatani	 reported	 the	 first	 Suzuki-Miyaura	 cross-coupling	
reactions	 of	 aryl	 methyl	 ethers	 possessing	 alkyl	 ketones	 ortho	 to	 the	 methoxy	 group	 using	 a	
ruthenium	 precatalyst	 (Scheme	 1.27,	 A).104	Notably,	 in	 addition	 to	 aryl	 boronic	 esters,	 alkenyl	 and	
alkyl	neopentyl	boronates	could	provide	acceptable	yields	by	increasing	the	catalyst	loadings	(from	4	
to	 10	 mol%).	 Intrigued	 by	 the	 fact	 that	 ortho	 C–H	 functionalization	 was	 not	 observed	 under	 the	
reaction	 conditions	 (100	 ºC),	 the	 authors	 demonstrated	 this	 transformation	 is	 kinetically	 favored,	
                                                
103	Wang,	C.;	Ozaki,	T.;	Takita,	R.;	Uchiyama,	M.	Chem.	Eur.	J.	2012,	18,	3482.	
104	(a)	Kakiuchi,	F.;	Usui,	M.;	Ueno,	S.;	Chatani,	N.;	Murai,	S.	J.	Am.	Chem.	Soc.	2004,	126,	2706.	(b)	Ueno,	S.;	Mizushima,	
E.;	Chatani,	N.	Kakuchi,	F.	J.	Am.	Chem.	Soc.	2006,	128,	16516.		
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however	under	 thermodynamic	control	C–O	bond	cleavage	 is	 favored.	Based	on	 this	observation,	a	
sequential	 C–H	 functionalization/C(sp2)–OMe	 arylation	 reaction	 was	 designed,	 resulting	 in	 double	
functionalization	of	the	substrate.	Prompted	by	the	work	of	Kakiuchi	and	Chatani,	Snieckus	extended	
the	activating	group	strategy	by	using	amides105a	or	methyl	esters105b,77	 (Scheme	1.27,	B).	However,	
the	activation	effect	of	ester	groups	was	only	efficient	for	methoxynaphthalene	substrates	(59).	
	
An	important	step	forward	in	the	implementation	of	aryl	methyl	ethers	in	cross-coupling	reactions	
was	made	by	Tobisu	and	Chatani	demonstrating	the	ability	of	the	“standard”	[Ni(COD)2]/PCy3	catalytic	
system	to	effectively	couple	 these	electrophiles	with	aromatic	boronic	esters	 (Scheme	1.29,	C).15,106	
The	broader	 functional	group	 tolerance	was	demonstrated	by	 the	 fact	 that	methyl	 ketones,	among	
other	 sensitive	 groups,	were	 perfectly	 tolerated.	However,	 the	 general	 lack	 of	 reactivity	 of	 non	π–
extended	systems	was	also	an	issue	in	this	transformation.	Under	the	optimized	reaction	conditions,	a	
limited	set	of	anisole	derivatives	bearing	electron-withdrawing	substituents	at	the	para-position	could	
be	 employed,	 albeit	 in	 considerably	 lower	 yields.	 The	 authors	 proposed	 the	 intermediacy	 of	
Meisenheimer-type	 complexes	 generated	 via	 partial	 dearomatization	 of	 the	 aromatic	 ring,	 an	
observation	 that	 is	 in	 agreement	with	 the	 higher	 reactivity	 found	 for	 polyaromatic	 backbones.	 The	
same	 authors	 recently	 reported	 a	 catalytic	 system	 using	 ICy·HCl	 that	 is	 capable	 of	 promoting	 the	
cross-coupling	reactions	of	both	benzyl	methyl	ethers	and	unbiased	anisole	derivatives	(Scheme	1.27,	
D).Error!	 Bookmark	 not	 defined.	 Based	 on	 a	 rather	 similar	 catalytic	 system	 but	 using	 B2(nep)2	 (36)	 as	 the	
coupling	 partner	 they	 observed	 a	 formal	 homocoupling	 protocol	 of	 π-extended	methoxyarenes.107	
This	transformation	is	based	on	the	ability	of	the	Ni(COD)2/ICy	catalytic	system	to	undergo	an	initial	
C–OMe	bond	borylation	 followed	by	a	Suzuki-Miyaura-type	coupling	between	 the	 in	 situ	generated	
aryl	 boronate	 and	 the	 remaining	 aryl	 methyl	 ether.	 It	 is	 noteworthy	 that	 in	 all	 these	 reports,	
neopentylboronic	 reagents	are	employed	as	coupling	partners	 instead	of	commonly	applied	pinacol	
derivatives	in	Pd-catalysis.	This	is	likely	due	to	the	higher	sensitivity	of	Ni-catalyzed	reactions	to	steric	
effects	or	regard	to	the	small	size	of	this	first	row	transition	metal.8		
	
The	 last	 achievement	 related	 to	 Suzuki-Miyaura	 coupling	 of	 aryl	 methyl	 ethers	 has	 been	 the	
development	of	an	alkylation	reaction	of	aryl	and	styrenyl	methyl	ethers	using	different	primary	 (9-
BBN)-alkyl	reagents	(Scheme	1.27,	E).108,109	In	this	work,	Rueping	employs	rather	similar	conditions	to	
those	reported	for	the	alkylation	of	aryl	pivalates.39	Unfortunately,	the	alkylation	only	provided	good	
results	 when	 activated	 naphthyl	 systems	 and	 primary	 linear	 alkylboranes,	 reluctant	 to	 β–hydride	
elimination,	were	employed.		
	
Noteworthy,	any	of	the	above	mentioned	protocols	allowed	for	vinylation	of	aryl	methyl	ethers	via	
C(sp2)–OMe	 bond	 scission.	 In	 this	 line,	 Jarvo	 and	 colleagues	 reported	 an	 isolated	 example	 of	 a	
stereospecific	 intramolecular	Mizoroki-Heck	reaction	using	enantioenriched	benzyl	alkyl	ethers.110	As	
in	 their	 previous	 stereospecific	 transformations,	 an	 overall	 inversion	 of	 the	 configuration	 was	
observed	 and	 the	 use	 of	 a	 methoxyethyl	 ether	 as	 leaving	 groups	 could	 partially	 alleviate	 the	 low	
reactivity	of	non-polyaromatic	 substrates.	However,	any	 intramolecular	version	of	 this	highly	useful	
transformation	has	already	been	reported.	
	
Reductive	cleavage	
	
                                                
105(a)	 Zhao,	Y.;	 Snieckus,	V.	 J.	Am.	Chem.	Soc.	2014,	136,	 11224.	 (b)	 Zhao,	Y.;	 Snieckus,	V.	Chem.	Commun.	2016,	52,	
1681.	
106	For	 a	 related	 [Ni(COD)2]/PCy3-catalyzed	 Suzuki-Miyaura	 arylation	 of	 vinyl	methyl	 ethers:	 Shimasaki,	 T.;	 Konno,	 Y.;	
Tobisu,	M.;	Chatani,	N.	Org.	Lett.	2009,	11,	4890.	
107	Nakamura,	K.;	Tobisu,	M.;	Chatani,N.	Org.	Lett.	2015,	17,	6142.	
108	Guo,	L.;	Liu,	X.;	Baumann,	C.;	Rueping,	M.	Angew.	Chem.	Int.	Ed.	2016,	55,	1.		
109	(9-BBN)-Alkyl	reagents	are	prepared	via	hydroboration	of	9-BBN	dimer.	
110	Harris,	M.	R.;	Konev,	M.	O.;	Jarvo,	E.	R.	J.	Am.	Chem.	Soc.	2014,	136,	7825.	
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Traditional	 strategies	 for	 the	 reductive	 dealkoxygenation	 of	 aryl	 ethers	 have	 required	 harsh	
conditions	to	cleave	the	highly	energetic	Caryl–OMe	bond	such	as	the	use	of	stoichiometric	bases,111	
organoalkali-metal	 compounds,112	heterogeneous	Raney	nickel	under	high	hydrogen	pressures,113	or	
electrocatalytic	 systems. 114 	In	 consequence,	 these	 methods	 suffer	 from	 low	 functional	 group	
tolerance,	 often	 including	 over-reduction	 of	 unsaturated	 functional	 groups	 and	 the	 aromatic	
backbone	 itself.	 The	 site-selectivity	 control	 has	 posed	 an	 additional	 challenge	 specially	 in	 the	
deoxygenation	of	lignin	due	to	the	presence	of	several	potential	reactive	sites	(Figure	1.4).65		
	
The	 first	 step	 towards	 milder	 and	 more	 efficient	 homogeneous	 catalytic	 methods	 for	 the	
hydrogenolysis	 of	 aryl	 methyl	 ethers	 was	 underwent	 by	 Martin	 and	 co-workers.	 In	 2010,	 they	
reported	 that	 a	 [Ni(COD)2]/PCy3	mixture	and	 commercially	 available	 tetramethyldisiloxane	 could	be	
used	for	reducing	C(sp2)–OMe	bonds	(Scheme	1.28,	A).56a	Non	p-extended	aromatic	rings	needed	to	
be	 activated	with	 groups	 such	 as	 pyridines,	 esters,	 oxazolines,	 and	 pyrazoles,	 located	 at	 the	ortho	
position	to	the	methoxy	group.	Unlike	observed	in	other	C–OMe	bond	cleavage	reactions,	the	lack	of	
reactivity	 of	 compounds	 possessing	 such	 groups	 in	 either	 the	meta	 or	 para	 position	 rules	 out	 the	
influence	 of	 electronic	 effects	 and	 suggests	 that	 chelation-assisted	 cleavage	 is	 the	 most	 plausible	
scenario.	 Importantly,	 isotope-labelling	 studies	 with	 DSiEt3	 confirmed	 that	 silane	 is	 the	 hydride	
source.	Furthermore,	the	authors	demonstrated	the	importance	of	this	transformation	as	a	strategy	
for	using	aryl	methyl	ethers	as	temporary	directing	groups,	which	is	doable	considering	the	inertness	
of	Ar–OMe	bonds	under	conditions	commonly	employed	in	organic	synthesis.		
	
	
Scheme	1.28.	Evolution	of	homogeneous	Ni-catalyzed	hydrogenolysis	of	aryl	ethers.	
	
Straightaway,	Tobisu	and	Chatani	reported	a	closely-related	hydrogenolysis	protocol	(Scheme	1.28,	
B).55	As	 for	 the	 transformation	described	by	Martin,	C(sp2)–OMe	bonds	were	 cleaved	preferentially	
over	weaker	benzylic	C(sp3)–OMe	bonds	and	simple	anisoles	 required	 the	presence	of	 similar	ortho	
directing	 groups.	 In	 2011,	Hartwig	 extended	 the	 field	 of	 C–O	 reductive	 cleavage	 to	 unbiased	diaryl	
ethers	 and	 aryl	 benzyl	 ethers	 by	 using	 an	 homogenous	 [Ni(COD)2]/SIPr·HCl	 system	 together	 with	
stoichiometric	 amounts	 of	NaOtBu	 and	molecular	 hydrogen	 (Scheme	1.28,	 C).115	Aryl	methyl	 ethers	
                                                
111	Azzena,	U.;	Dettori,	G.;	Idini,	M.	V.;	Pisano,	L.;	Sechi,	G.	Tetrahedron	2003,	59,	7961.	
112	Maercker,	A.	Angew.	Chem.	Int.	Ed.	Engl.	1987,	26,	972.	
113	(a)	Zakzeski,	 J.;	Bruijnincx,	P.	C.	A.;	 Jongerius,	A.L.,	Weckhuysen,	B.	M.	Chem	Rev.	2010,	110,	3552.	(b)	Deuss,	P.	J.;	
Barta,	K.	Coord.	Chem.	Rev.	2016,	306,	510.	
114	(a)	 Thornton,	 T.	 A.;	 Woolsey,	 N.	 F.;	 Bartak,	 D.	 E.	 J.	 Am.	 Chem.	 Soc.	 1986,	 108,	 6497-6502.	 (b)Chan-Shing,	 E.	 S.;	
Boucher,	 D.;	 Lessard,	 J.	 Can.	 J.	 Chem.	1999,	 77,	 687.	 (c)	 Casado,	 F.;	 Pisano,	 L.;	 Farriol,	M.;	 Gallardo,	 I.;	Marquet,	 J.;	
Melloni,	G.	J	Org	Chem.	2000,	65,	322.	
115	Sergeev,	A.	G;	Hartwig,	J.F.	Science	2011,	332,	439.		
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were	several	order	of	magnitude	less	reactive	than	the	corresponding	diaryl	systems.116	Surprisingly,	
benzyl	 methyl	 ethers	 were	 unreactive	 unless	 stoichiometric	 amount	 of	 Lewis	 acidic	 AlMe3	 were	
added.99	 The	 promoting	 effect	 of	 the	 Lewis	 acid	 and	 the	 involvement	 of	 anionic	 [Ni(SIPr)(OtBu)]-	
species	 in	 the	 C–O	 bond	 cleavage	 step	 were	 proposed	 via	 DFT	 calculations	 by	 Chung	 and	
colleagues.13c	
	
Following	the	first	reports	on	ethereal	C–O	bond	hydrogenolysis	using	homogeneous	Ni	complexes,	
the	 field	 underwent	 significant	 growth	 by	 implementing	 Ni,	 Fe	 or	 Co	 heteregoneous	 sytems,117	
efficient	pincer	ligands,118	and	emetal	free	conditions.66	One	of	the	last	breakthrough	in	the	field	was	
the	observation	of	that	a	correct	ligand	choice	can	favor	the	ability	of	the	methoxo	ligand	to	undergo	
β-hydride	 elimination	 thus	 avoiding	 the	 need	 for	 an	 external	 reductant	 (Scheme	 1.28,	 D).119	
Specifically,	Tobisu	and	Chatani	employed	a	particularly	bulky	and	electron-rich	NHC	ligand	(IAd·HCl	=	
1,3-bis(1-adamantyl)imidazolium	chloride	).	Notably,	this	method	tolerates	groups	that	were	prone	to	
reduction	in	the	presence	of	stoichiometric	amounts	of	silane	or	hydrogen,	such	as	conjugated	olefins	
or	phenyl	ketones.	It	is	noteworthy	that	high	temperatures	(140	–	160	ºC)	were	required	in	all	these	
protocols	 for	 hydrogenating	 such	 strong	 C–O	 bonds	 (Scheme	 1.28),	 and	 any	 of	 these	 publications	
addressed	the	mechanistic	study	of	the	transformations	reported.	
	
	
Scheme	1.29.	Proposed	mechanism	for	the	reductive	cleavage	of	aryl	methyl	ethers	by	R3SiH.		
	
The	 first	 studies	 towards	 the	 understanding	 of	 the	 mechanism	 involved	 in	 the	 C–OMe	 bond	
cleavage/C–H	 bond	 formation	 were	 carried	 out	 by	 Agapie	 (Scheme	 1.20).69	 In	 as	 stoichiometric	
fashion,	 the	authors	were	able	 to	prove	 that	hydride	 source	 is	derived	 from	the	ether	group	via	b-
hydride	elimination,	which	 is	 in	agreement	with	Tobisu´s	 findings	(Scheme	1.28,	D).	However,	these	
results	 differ	 from	Martin’s	 deuteration	 and	 control	 experiments,	which	 led	 them	 to	 conclude	 that	
silane	is	the	reducing	agent	(Scheme	1.28,	A).	In	a	later	experimental	and	computational	study,	Martin	
et	 al.	 underlined	 the	 subtleties	 behind	 this	 intriguing	 observations.13a	 By	 several	 enlightening	
experiments	 and	 DFT	 calculations,	 the	 authors	 drawn	 a	 mechanistic	 scenario	 in	 which	 Ni(I)-silyl	
species	(XXIX)	were	key	intermediates.	These	species	could	be	generated	via	initial	oxidative	addition	
                                                
116	In	a	computational	study	the	difference	of	reactivity	was	justified	by	divergent	mechanistic	pathways	depending	on	
the	nature	of	the	alkoxy	group	(see	ref.	13d).	
117	(a)	Sergeev	A.	G.,	Webb	J.	D.,	Hartwig	J.	F.	J.	Am.	Chem.	Soc.	2012,	134,	20226.	(b)	Ren,	Y.;	Yan,	M.;	Wang,	J.;	Zhang,	
Z.	C.;	Yao,	K.	Angew.	Chem.	Int.	Ed.	2013,	52,	12674.	(c)	Ren,	Y.-L.;	Tian,	M.;	Tian,	X.-Z.;	Wang,	Q.;	Shang,	H.;	Wang,	J.;	
Zhang,	Z.	C.	Catal.	Commun.	2014,	52,	36.	(d)	Gao	F.,	Webb	J.	D.,	Hartwig	J.	F.	Angew.	Chem.	Int.	Ed.	2016,	55,	1474.	
118	Haibach,	M.	C.;	Lease,	N.;	Goldman,	A.S.	Angew.	Chem.	Int.	Ed.	2014,	53,	10160.	
119	Tobisu,	M.;	Morioka,	T.;	Ohtsuki,	A.;	Chatani,	N.	Chem.	Sci.	2015,	6,	3410.	
Ni
Cy3P
Cy3P
SiEt3
OMe
PCy3
OMe
SiEt3
Ni
PCy3
O
SiEt3Ni
PCy3
Ni
PCy3
PCy3
PCy3
Et3SiOMe
Me
Et3Si H
Et3Si H
H
Ni
H
Ni
H
Cy3P
Cy3P
PCy3
PCy3
Ni(PCy3)2
I
Ni
H
SiEt3
Cy3P
Cy3P
Cy3P
Ni
Cy3P
SiEt3+
63a
XXVII XXVIII XXIX
XXIX
XXX
XXXI
XXXII
70
1/2
 I
69
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
of	Si–H	bond	to	Ni(0)	species	(I),	followed	by	comproportionation	with	remained	I	(Scheme	1.29).	The	
thus	 formed	Ni(I)	 species	 coordinates	 to	 the	methoxyarene	 in	a	η2-fashion	and	after	a	 rate-limiting	
migratory	 insertion	step,	a	benzylnickel	 intermediate	(XXX)	 is	produced.	Elimination	of	MeOSiR3	(69)	
and	concomitant	migration	of	the	Ni	atom	furnishes	intermediate	XXXII,	which	undergo	a	reversible	
σ-bond	metathesis,	 delivering	 the	 final	 product	 (70)	while	 regenerating	 the	 active	Ni(I)-silyl	 species	
(XXIX). As	 arene	 dearomatization	 takes	 places	 during	 the	 rate-determining	 step,	 the	 proposed	
mechanism	rationalizes	 the	 increased	reactivity	of	π-extended	systems	compared	to	 regular	anisole	
derivatives.	The	authors	highlighted	the	“non-innocent”	character	of	COD	ligand	that	might	stabilize	
the	 active	 species	within	 the	 catalytic	 cycle	 and	prevent	β-hydride	elimination	events.	 Chung	et	 al.	
stressed	the	influence	of	the	ligand	on	the	reaction	mechanism.13c	Whereas	PCy3	favors	the	formation	
of	active	Ni(I)	species,	bulky	NHC	ligands	promote	a	Ni(0)/Ni(II)	cycle	since	the	comproportionation	of	
[Ni-NHC]	 complexes	 to	 form	 the	 equivalent	 dimeric	Ni(I)	 species	 is	 sterically	 disfavored.	 Therefore,	
the	 [Ni(II)(NHC)(Ar)(OMe)]	 can	 easily	 undergo	 β-hydride	 elimination,	 as	 supported	 by	
calculations,13a,13c	and	formed	the	reduced	product	without	the	need	for	external	hydride	source,	as	
demonstrated	with	Tobisu	and	Chatani´s	experiments	(Scheme	1.28,	D).	
	
C–heteroatom	bond	formation	
	
Unlike	the	wealth	of	 literature	data	on	catalytic	C–C	bond-forming	reactions	using	aryl	and	benzyl	
methyl	 ethers,	 the	 means	 to	 promote	 C-heteroatom	 bond-formation	 via	 C–OMe	 bond	 cleavage	 is	
virtually	 explored.	 This	 is	 probably	 due	 to	 the	 lower	 reactivity	 of	 hetero-organometallic	 species57d	
towards	 the	 activation	 of	 highly	 energetic	 C–OMe	 bonds.	 The	 only	 catalytic	 methodology	 that	
employs	this	challenging	class	of	phenol	derivatives	for	forging	C–heteroatom	bonds	was	reported	by	
Tobisu	and	Chatani	(Scheme	1.30).58,120	In	this	work	the	authors	described	a	seminal	Ni/IPr-catalyzed	
amination	 of	 aryl	 and	 heteroaryl	 methyl	 ethers.	 Interestingly,	 PCy3,	 which	 has	 shown	 to	 be	 more	
efficient	 in	 related	 C–OMe	 bond	 activation	 protocols	 delivered	 the	 product	 in	 considerably	 lower	
yields;	and	the	promising,	but	probably	unknown	at	that	time,	effect	of	ICy·HCl	was	not	exploited	in	
this	transformation.	As	one	may	expect	according	to	the	discussion	alongside	this	dissertation,	anisole	
derivatives	 were	 not	 reactive	 unless	 an	 adequate	 electro-withdrawing	 group	 was	 located	 at	 para	
position	 of	 the	 methoxy	 moiety.58a	 Howerver,	 nitrogen-containing	 heteroaromatic	 rings	 could	 be	
aminated	regardless	the	presence	or	not	of	π–extended	backbones.58b	The	functional	group	tolerance	
was	 rather	 problematic	 due	 to	 the	 strongly	 basic	 conditions	 and	 high	 catalyst	 and	 ligand	 loadings	
required	in	order	to	obtain	moderate	to	good	yields.	Therefore,	the	lack	of	efficient	strategies	for	the	
formation	 of	 C–heteroatom	 bonds	 using	 C–OMe	 electrophiles	 constitutes	 a	 challenge	 and,	
simultaneously,	an	opportunity	for	chemists	in	the	years	to	come.		
	
	
Scheme	1.30.	Ni-catalyzed	amination	of	aryl	methyl	ethers.		
	
	
                                                
120	More	 recently	 the	 same	 authors	 have	 reported	 Rh-	 and	 Ni-catalyzed	 borylative	 methodologies	 of	 aryl	 2-pyridyl	
ethers	via	selective	cleavage	of	C(sp2)–	and	C(sp3)–OPy	bonds:	(a)	Kinuta,	H.;	Tobisu,	M.;	Chatani,	N.	J.	Am.	Chem.	Soc.	
2015,	137,	1593.	(b)	Tobisu,	M.;	Zhao,	J.;	Kinuta,	H.;	Furukawa,	T.;	Igarashi,	T.;	Chatani,	N.	Adv.	Synth.	Catal.	2016,	358,	
2417.	
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1.2.3.4.	Lewis	acid	assisted	C(sp2)–OMe	cleavage	with	Ni	
	
The	 vast	 majority	 of	 cross-coupling	 processes	 of	 aryl	 methyl	 ethers	 employ	 highly	 reactive	
organometallic	 species,	 mainly	 Grignard	 reagents,	 but	 also	 organolithium	 and	 organoaluminium	
compounds.	 This	 is	 likely	 due	 to	 the	 strong	 reactivity	 of	 the	 nucleophilic	 counterpart	 that	
compensates	the	high	activation	barrier	required	for	the	C(sp2)–OMe	bond	scission.4	In	addition,	the	
Lewis	acidity	of	corresponding	counteraction	or	the	reagent	itself	may	play	a	“non-innocent”	role	in	
the	 activation	 of	 aryl	 methyl	 ethers.	 In	 line	 with	 this	 Lewis	 acid	 effect,	 recent	 experimental	 and	
computational	 studies	 have	 suggested	 that	 Al(III)	 and	 Mg(II)	 reagents	 promote	 C(sp2)–OMe	 bond	
activation	and	cleavage	within	Ni-catalyzed	processes.121,122		
	
Agapie	and	coworkers	employed	the	same	Ni(0)	platform	based	on	a	m-terpenyl	diphosphine	ligand	
bearing	a	methoxy	group	(Scheme	1.20,	52)	for	studying	the	effect	of	different	Lewis	acids	on	the	rate	
of	 the	 intramolecular	 C(sp2)–OMe	 cleavage.121f	 Methyl	 Mg(II)	 and	 Al(III)	 salts	 were	 treated	 with	
methoxyarene-Ni(0)	 complex	 (52)	 such	 that	 the	 proposed	 oxidative	 addition	 was	 followed	 by	
transmetalation	of	the	methyl	group	instead	of	β–hydride	elimination	(Scheme	1.31).	In	particular,	it	
was	 found	 that	 the	 treatment	 of	 52	with	 an	 excess	 of	MeMgBr2	in	 non-polar	 solvents	 leads	 to	 an	
increase	 of	 the	 rate	 of	 oxidative	 addition	 by	 about	 one	 order	 of	magnitude.	 However,	when	 using	
polar	solvents	such	as	THF	or	[Mg(TMEDA)Me2]	(TMEDA	=	tetramethylethylenediamine)	no	change	in	
reaction	rate	was	detected,	likely	due	to	the	coordination	of	the	Mg	center	to	TMEDA	or	the	solvent,	
which	impedes	the	interaction	with	the	aryl	methyl	ether.	This	could	provide	an	explanation	for	the	
higher	 efficiency	 of	 cross-coupling	 reactions	 of	 aryl	 methyl	 ethers	 in	 non-polar	 solvents	 such	 as	
toluene	 or	 dioxane.4	 Alkyl	 boranes	 did	 not	 have	 any	 effect	 on	 the	 aryl–oxygen	 activation,	 which	
stands	 in	 contrast	 to	Rueping´s	 theory	 that	B(alkyl)3	 coordinates	with	naphthyl	methyl	 ethers,	 thus	
favoring	 the	 corresponding	 oxidative	 addition.123	In	 comparison,	 addition	 of	 AlMe3	 produces	 a	 rate	
increase	of	about	three	orders	of	magnitude	which	variated	depending	on	it	concentration.	Whereas	
low-temperature	 NMR	 spectroscopy	 studies	 suggested	 quantitative	 coordination	 of	 the	 ethereal	
oxygen	 to	aluminum,	DFT	calculations	were	consistent	with	Caryl–OMe	cleavage	 taking	place	 from	a	
species	with	an	Al–ether	interaction	(73).		
	 	
                                                
121	Mg(II)-assisted	cleavage:	(a)	Ref.	13b.	(b)	Ref.	87.	Al(III)-assisted	cleavage:	(c)	Ref.	13c.	(d)	Ref.	96.	(e)	Ref.	115.	(f)	
Kelley,	P.;	Edouard,	G.	A.;	Lin,	S.;	Agapie,	T.	Chem.	Eur.	J.	2016,	22,	17173. 
122	Boron-assited	strategies	have	been	used	 in	 the	hydogenolysis	of	arenols:	 (a)	Shi,	W.-J.;	 Li,	X.-L.;	 Li,	 Z.-W.;	Shi,	 Z.-J.	
Org.	Chem.	Front.	2016,	3,	375.);	and	in	the	Suzuki-Miyaura	coupling	and	borylation	of	benzyl	alcohols:	(b)	Cao,	Z.-C.;	Yu,	
D.-G.;	Zhu,	R.-Y.;	Wei,	J.-B.;	Shi,	Z.-J.	Chem.	Commun.	2015,	51,	2683.	(c)	Cao,	Z.-C.;	Luo,	F.-X.;	Shi,	W.-J.;	Shi,	Z.-S.	Org.	
Chem.	Front.	2015,	2,	1505.  
123	Guo,	L.;	Liu,	X.;	Baumann,	C.;	Rueping,	M.	Angew.	Chem.	Int.	Ed.	2016.	DOI:	10.1002/anie.201607646.  
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	Scheme	1.31.	Studies	on	Lewis	acid-promoted	Caryl–OMe	cleavage	by	Ni(0).		
	
Overall,	 these	 experiments	 showed	 that	 aluminum-ether	 interaction	 significantly	 decreases	 the	
activation	 barrier	 for	 C–O	 cleavage,	 likely	 by	 making	 the	 methoxide	 a	 better	 leaving	 group.124	
Although	 the	 authors	 suggested	 that	 this	 Lewis	 acid-assisted	 cleavage	 take	 place	 via	 oxidative	
addition,	a	SnAr	pathway	via	the	 inermediacy	of	 [Ni(0)Me]-ate	complexes	or	not	could	not	be	ruled	
out.	 Agapie´s	 conclusions	 are	 in	 agreement	 with	 Schoenebeck	 and	 Rueping´s	 computations,	 which	
indicate	that	AlEt3	assists	the	oxidative	addition	of	the	Caryl–OMe	bond	to	[Ni(dcype)(COD)]	ultimately	
leading	 to	 a	 decrease	 in	 the	 energy	 barrier	 of	 this	 process	 by	 21.4	 kcal/mol	 (from	+40	 kcal/mol	 to	
+18.6	 kcal/mol).96,98	 The	 authors	 also	 confirmed	 the	 presence	 of	 an	 interaction	 between	 the	 aryl	
methyl	ether	and	the	trialkylaluminum	reagent	by	NMR	spectroscopy.	
	
1.2.3.	Supremacy	of	Ni	vs	Pd	catalysis	
	
Among	 group	 10	 metals	 catalyst	 systems,	 those	 based	 on	 Ni	 are	 generally	 attractive	 from	 an	
economic	standpoint.	From	the	standpoint	of	reactivity,	Ni	provides	a	wider	range	of	possibilities	as	
compared	to	Pd	and	Pt.8	As	a	 result	of	 the	more	readily	accessible	higher	oxidation	states	due	to	a	
higher	density	of	states,	Ni	complexes	have	demonstrated	to	be	more	efficient	 in	cross-electrophile	
coupling	 reactions.125	In	 addition,	 the	higher	nucleophilicity	of	 reduced	Ni	 centers	on	account	of	 its	
smaller	size	allows	for	the	activation	of	highly	energetic	bonds	such	as	C–O,3,4	as	well	as	C–F126	or	C–N	
bonds,127	without	 requiring	 such	 well-designed	 ligands	 as	 in	 case	 of	 Pd	 catalysis1,5	 or	 even	 under	
ligand-free	 conditions.	 As	 a	 consequence	 of	 the	 availability	 and	 reactivity	 of	 this	 first	 row	metal,	 a	
renaissance	in	Ni	catalysis	has	led	to	the	development	of	fascinating	applications	in	organic	synthesis.8		
	
	
	 	
                                                
124 Ni–Al	heterobimetallic	complexes	were	discarded.  
125	(a)	Knappke,	C.	E.	I.;	Grupe,	S.;	Gärtner,	D.;	Corpet,	M.;	Gosmini,	C.;	von	Wangelin,	A.	J.	Chem.	Eur.	J.	2014,	20,	6828.	
(b)	Weix,	D.	J.	Acc.	Chem.	Res.	2015,	48,	1767.		
126	Ahrens,	T.;	Kohlmann,	J.;	Ahrens,	M.;	Braun,	T.	Chem.	Rev.	2015,	115,	931.	
127	Wang,	Q.;	Su,	Y.;	Li,	L.;	Huang,	H.	Chem.	Soc.	Rev.	2016,	45,	1257.	 
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Table	1.1.	Computed	energies	for	Ph–X	bond	oxidative	addition	to	[Pd(0)PMe3]	and	[Ni(0)PMe3].	
(Unit:	kcal/mol).	
	
The	particular	reactivity	of	Ni	complexes	towards	C–O	bond	activation	led	us	to	the	question	of	why	
Pd	 is	 not	 able	 to	 cleave	 the	 C(sp2)–O	 bond	 of	 unactivated	 phenol	 derivatives	 while	 Ni	 can.128	In	 a	
search	for	an	answer,	Liu	and	colleagues	calculated	the	Gibbs	free	energies	for	the	h2-complexation	
between	various	electrophiles	and	Ni(0)	or	Pd(0)	species	(Table	1.1).12a,129	Formation	of	the	π-complex	
is	markedly	exothermic	when	Ni(0)	 is	 used	 regardless	 the	electrophile	 employed.	However,	 the	h2-
interaction	 between	 Pd(0)	 and	 Ph–X	 is	 less	 favored.	 This	 is	 mainly	 due	 to	 the	 higher	 d-electron	
donative	properties	of	Ni	as	compared	to	Pd(0)	catalytic	species,130	which	results	in	a	stronger	d®π*	
back-donation	 interaction	between	the	metal	center	and	 the	arene	and,	consequently,	more	stable	
h2-complexes	(Table	1.1,	XXXIII).131	This	is	supported	by	the	fact	that	some	Ni(0)-arene	h2-complexes,	
unlike	 Pd(0)	 derivatives,	 can	 be	 isolated.69,71	 Furthermore,	 the	 difference	 between	 the	 energies	
required	 for	 the	 oxidative	 addition	 to	 [Ni(0)L]	 and	 [Pd(0)L]	 are	 consistent	 with	 the	 experimental	
observations.3	Pd(0)	can	easily	undergo	oxidative	addition	of	relatively	activated	bonds	such	as	Ph–Br,	
Ph–Cl,	 and	 Ph–OTf.	 However,	 under	 normal	 catalytic	 conditions,	 less	 reactive	 electrophiles	 such	 as	
mesylates	 and	 tosylates	 cannot	 be	 cleave	 so	 easily;	 whereas	 Ph–OAc	 and	 Ph–OMe	 presents	
prohibitory	 high	 activation	barriers.	 In	 contrast,	mesylates,	 tosylates	 and	 acetates	 can	be	 activated	
with	relative	ease	using	Ni(0),	unlike	anisoles,	which	required	a	much	higher	energy	thus	questioning	
a	potential	oxidative	addition	of	C(sp2)–OMe	to	Ni(0)	complexes.	
	
	
                                                
128	However,	 Pd(II)	 precatalysts	 have	 been	 used	 for	 the	 coupling	 of	 activated	 benzylic	 esters	 likely	 via	 a	 SN2-type	
mechanism:	see	ref.	33,	34,	44,	47.		
129	To	simplify	the	calculations	PMe3	was	used	as	model	electron-rich	phosphine	and	only	mono-ligated	Ni(0)	and	Pd(0)	
species	were	considered.	However	the	ligand	exchange	reaction	may	take	place	from	the	14-electron	d10-[ML2]	species.	
130	The	more	diffuse	Pd	d	orbitals	could	also	account	for	the	lower	d-electron	donative	propeties.	
131	The	 interaction	 between	 π–ligands	 and	 M(0)	 (M	 =	 Ni,	 Pd,	 Pt)	 has	 been	 extensively	 studied	 theoretically	 and	
experimentally.	For	selected	works:	 (a)	See	ref.	77a.	 (b)	Reinhold,	M.;	McGrady,	 J.	E.;	Perutz,	R.	N.	 J.	Am.	Chem.	Soc.	
2004,	126,	5268.	(c)	Hering,	F.;	Nitsch,	J.;	Paul,	U.;	Steffen,	A.;	Bickelhaupt,	F.	M.;	Radius,	U.	Chem.	Sci.	2015,	6,	1426.		
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Liu´s	 findings	 were	 in	 agreement	 with	 Nakamura´s	 experimental	 data	 and	 computational	 studies	
studies	regarding	KTC	coupling	of	aryl	halides	and	phenol	derivatives.12b,132	The	authors	demonstrated	
that	 the	 activation	 energies	 for	 the	 ligand	 exchange	 between	 [Ni(0)L2]	 (L2	 =	 1,3-
bis(diphenylphosphino)propane,	 dppp)	 and	 three	 different	 phenol	 derivatives	 (dimethyl	 phenyl	
phosphate,	phenyl	carbamate	and	anisole)	are	very	close	to	each	other	(-17.0	kcal/mol,	-16	kcal/mol,	
-13.9	 kcal/mol	 respectively).	 The	 oxidative	 addition,	 on	 the	 other	 hand,	 requires	 high	 activation	
energies	of	similar	magnitude	in	the	three	cases.	However,	the	exothermicity	of	this	process	is	much	
larger	 for	 phosphate	 and	 carbamate	 than	 for	 anisole.	 This	 may	 explain	 the	 higher	 difficulty	 for	
achieving	the	coupling	of	aryl	methyl	ethers	via	C(sp2)–OMe	bond	oxidative	addition	while	suggesting	
the	possibility	of	alternative	activation	pathways	such	as	the	intermediacy	of	Ni(0)-ate	complexes	as	
theoretically	proposed	by	Uchiyama	for	 the	Ni(0)/PCy3-catalyzed	KTC-coupling	of	anisole	derivatives	
(Scheme	1.24).13b	 In	 this	work,	Uchiyama	and	 co-workers	proposed	 that	 the	C–OMe	bond	 cleavage	
takes	place	 via	 a	 formal	 SNAr-type	 reaction	with	 [Ni(0)Ar]-ate	 complexes.	Among	 their	 calculations,	
they	 located	all	 the	hypothetic	Pd	 intermediates	and	transition	states	of	 their	mechanistic	proposal	
and	 demonstrated	 their	 poor	 thermodynamic	 stability	 compared	 to	 Ni	 intermediates.	 Specifically,	
they	 calculated	 the	 strength	 of	 the	 d®π*	 back-donation	 interaction	 in	 the	 [M(PCy3)(h2-PhOMe)]	
complex	(XXXIII)	and	showed	that	this	interaction	is	much	weaker	in	Pd-XXXIII	(+23.2	kcal/mol)	than	
in	Ni-XXXIII	 (+65.6	 kcal/mol).	 This	 is	 in	 agreement	with	 Liu´s12a	 and	Nakamura´s12b	calculations	with	
PMe3	 and	 dppp	 ligands,	 respectively,	 and	 explain	why	 Pd(0)-complexes	 are	 inefficient	 towards	 the	
coupling	of	anisole	derivatives.	
	
1.2.4.	The	importance	of	electron-rich	and	bulky	ligands	
	
As	predicted	by	Danwardt	and	illustrated	with	all	the	examples	described	in	this	chapter,	the	nature	
of	 the	 ligand	 has	 shown	 to	 play	 an	 essential	 role	 in	 achieving	 successful	 C–O	 activation	 protocols.	
Strongly	s–donating	and	bulky	ligands	have	been	proved	to	be	particularly	efficient	in	the	cleavage	of	
strong	 C(sp2)–OCOR	 and	 C(sp2)–OMe	 bonds.	 A	 Ni(COD)2/PCy3	 system	 has	 been	 established	 as	 the	
state	 of	 the	 art	 catalyst	 for	 the	 activation	 of	 unactivated	 phenol	 derivatives	 due	 to	 the	 benefitial	
properties	of	both	the	Ni	and	the	ligand	in	the	C–O	bond	functionalization.	However,	recent	efforts	in	
the	 field	 have	 focused	 on	 the	 application	 of	 new	 ligands	 in	 order	 to	 improve	 the	 generality	 and	
efficiency	 of	 the	 existing	methodologies.	 Thus,	 dcype	has	 been	 employed	 as	 a	 particularly	 efficient	
ligand	 for	 alkylating	 protocols	 in	 that	 it	 avoids	 unproductive b–hydride	 elimination	 pathways.	
Additionally,	 Tobisu	 and	 Chatani,	 based	 on	 the	 higher	s–donating	 character	 of	 NHC	 ligands,	 have	
implemented	 the	 use	 of	 ICy	 and	 I(2-Ad)	 carbenes	 in	 the	 activation	 of	 C–OMe	bonds	 in	 particularly	
challenging	substrate	combinations	such	as	those	lacking	p–extended	aromatic	backbones.	
	
	
Table	1.2.	Influence	of	structural	and	electronic	properties	of	the	ligand	on	C–O	bond	coupling.	
	
Table	1.2	 shows	 the	 influence	of	electronic	and	steric	properties	 that	phosphine	and	NHC	 ligands	
may	 exert	 in	 the	 different	 steps	 of	 the	 catalytic	 cycle.	 More	 electron-rich	 ligands	 increase	 the	
nucleophilicity	 of	 the	 metal	 center	 and	 as	 a	 result,	 the	 catalyst	 interacts	 more	 strongly	 with	 the	
                                                
132	Yoshikai,	N.;	Matsuda,	H.;	Nakamura,	E.	J.	Am.	Chem.	Soc.	2008,	130,	15258.		
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substrate	 as	 the	 stabilization	 of	 the	 h2–complex	 via	 d®π*	 back-donation	 is	 more	 pronounced.	
Furthermore,	the	higher	electron-density	of	the	catalyst	promotes	the	C–O	bond	cleavage	regardless	
of	whether	 it	 takes	 place	 via	 oxidative	 addition,	Ni(I)	 intermediates	 or	 -ate	 complexes	 since	 all	 the	
possible	 pathways	 are	 based	 on	 nucleophilic	 attack	 of	 the	Ni	 center.	 On	 the	 other	 hand,	 sterically	
demanding	ligands	favor	the	formation	of	mono-ligated	catalytic	species.	As	shown	by	computational	
studies,12,13	 the	 most	 energetically	 favored	 pathway	 for	 the	 h2-complexation	 and	 the	 C–O	 bond	
activation	 is	 through	 mono-ligated	 mechanism	 such	 that	 bulky	 ligands	 may	 favor	 both	 steps.	
Additionally,	 the	 rate	 of	 reductive	 elimination	 is	 enhanced	 when	 sterically	 demanding	 ligands	 are	
applied	which	is	particularly	convenient	for	C(sp2)–C(sp3)	or	C–heteroatom	bond	formation,	for	which	
the	reductive	elimination	may	prove	problematic.	
	
Although	further	improvements	based	on	ligand	design	can	be	certainly	anticipated	in	the	C–O	bond	
cleavage	 field,133	the	 narrow	 window	 for	 expanding	 the	 boundary	 of	 electron-releasing	 and	 steric	
character	 of	 organophosphorus	 and	 NHC	 ligands	 will	 make	 it	 necessary	 to	 look	 for	 alternative	
strategies.	
	
1.2. General	objectives	of	this	doctoral	thesis	
	
Although	there	is	no	doubt	that	remarkable	levels	of	sophistication	have	been	achieved	related	to	
the	 employment	 of	 unactivated	 phenol	 derivatives	 in	 the	 cross-coupling	 arena,	 a	 number	 of	
challenges	 remain.	 Among	 these	 questions	 a	 few	 main	 areas	 in	 need	 of	 development	 should	 be	
highlighted:	 finding	 a	 general	 solution	 for	 the	 lack	 of	 reactivity	 of	 non	 π-extended	 systems,	 the	
promotion	 of	 efficient	 C–heteroatom	 bond-forming	 events	 via	 C–O	 bond	 cleavage,	 and	 the	
clarification	 of	 the	 mechanism	 by	 which	 these	 reactions	 operate.	 These	 challenges	 are	 especially	
marked	when	it	comes	to	the	activation	of	exceptionally	electron-rich	C–OMe	bonds.	
	
Considering	 the	 potential	 of	 unactivated	 C–O	 electrophiles	 together	 with	 the	 above	 mentioned	
challenges	left	in	the	field,	we	established	the	following	main	objectives	of	our	doctoral	studies:	
	
§ Expand	 the	C–O	bond	 functionalization	 towards	 the	 virtually	unexplored	 formation	of	C–
heteroatom	bonds.	
	
§ Develop	new	strategies	for	transforming	unactivated	C–O	electrophiles	into	aryl	and	benzyl	
silanes	and	boronates,	highly	important	intermediates	in	organic	synthesis.	
	
§ Exploit	 the	 orthogonality	 of	 aryl	 methyl	 ethers,	 the	 simplest	 electrophiles	 in	 the	 phenol	
series,	in	the	formation	of	new	useful	C–heteroatom	bonds	via	elusive	C(sp2)–	and	C(sp3)–O	
bond	scission.	
	
§ Open	new	mechanistic	perspectives	to	be	implemented	in	the	improvement	of	the	existing	
methodologies	and	the	widespread	exploitation	of	C–O	electrophiles.	
                                                
133	The	recently	synthesized	tri(1-adamantyl)phosphine	may	be	aparticularly	interesting	on	the	design	of	more	efficient	
protocols	based	on	C–O	bond	cleavage	(Chen,	L.;	Ren,	P.;	Carrow,	B.	P.	J.	Am.	Chem.	Soc.	2016,	138,	6392). 
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Chapter	2.	Mild	Ni/Cu-catalyzed	Silylation	of	Aryl	and	Benzyl	Pivalates	via	C(sp2)-	
and	C(sp3)-O	Cleavage	
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2.1.	Organosilicon	Compounds:	Nature,	Synthesis	and	Applications	
 
2.1.1.	Nature	and	Applications	of	Arylsilanes		
	
Organosilcon	 compounds	 are	 ubiquitous	 synthetic	 intermediates	 of	 immense	 interest	 in	 organic	
methodology,1	total	 synthesis,2	and	 materials	 science.3	Organosilanes	 are	 generally	 more	 attractive	
reagents	as	compared	to	classical	organometallic	compounds	(organolithium	and	Grignard	reagents)	
due	 to	 their	 higher	 stability	 which	 translates	 to	 an	 easy	 and	 safe	 handling.	 Organosilanes	 are	 also	
more	 stable	 than	 the	 corresponding	boronic	 esters	 derivatives	 and	 tin	 compounds,	which	 together	
with	their	benignity,	makes	them	suitable	alternatives	to	these	reagents.	Furthermore,	silicon	is	one	
of	 the	most	 abundant	 atoms	 in	 earth´s	 crust,	which	 not	 only	make	organosilanes	 remarkably	 cost-
economic	reagents,	but	also,	unlike	all	the	other	organometallic	coupling	partners,	they	are	far	away	
from	suffer	a	future	risk	of	supply.	In	addition,	R3Si	moiety	in	arylsilanes	is	very	modular	so	that	it	can	
contains	 a	 Si-C,	 Si-O,	 or	 Si-heteroatom	 bond	 which	 provides	 a	 high	 versatility	 for	 further	
transformations.		
	
Scheme	1.1.	Ipso-desilylation	reaction	of	arylsilanes. 
	
Organosilicon	 compounds	 can	 be	 used	 as	 a	 platform	 towards	 the	 synthesis	 of	 a	 wide	 variety	 of	
useful	compounds.	The	non-polarity	and	lower	reactivity	of	the	silyl	group	as	compared	to	the	groups	
in	 which	 it	 could	 be	 transformed	 make	 arylsilanes	 intermediates	 that	 are	 particularly	 useful	 for	
multiple	 steps	 synthesis.	 In	 particular,	 aryl	 (and	 vinyl)	 silanes	 are	 remarkably	 useful	 synthetic	
intermediates	 as	 they	 can	 easily	 react	 with	 appropriate	 electrophiles	 providing	 a	 wide	 variety	 of	
useful	 compounds.	 These	 transformations	 take	 advantage	 of	 the	 enhanced	 nucleophilicity	 of	 the	
C(sp2)	 atom	directly	 attached	 to	 the	 silyl	 group	as	well	 as	well	 as	 the	b–silicon	effect	 (Scheme	1.1,	
XXXV).4	As	 a	 result,	 complete	 regioselective	 electrophilic	 ipso-desilylation	 reactions	 are	 observed.	
More	challenging	 ipso-desilylative	transformations	can	be	realized	under	oxidative	conditions	 in	the	
presence	of	stoichiometric	amounts	of	Ag	or	Cu	salts	(Scheme	1.1,	XXXVI).	
	
Firstly,	C-Si	bond	can	be	easily	converted	into	C-halogen	bonds,	including	iodo-,	bromo-,	chloro-,5	
as	 well	 as	 fluoro-derivatives6	(Scheme	 2.1,	 path	 a).	 Secondly,	 arylsilanes	 can	 undergo	 amination	
                                                
1	(a)	Weber,	W.	 P.	 Silicon	 Reagents	 for	Organic	 Synthesis;	 Springer:	 Heidelberg,	 1983.	 (b)	The	 Chemistry	 of	Organic	
Silicon	 Compounds;	 Patai,	 S.;	 Rappoport,	 Z.,	 Eds.;	 Wiley	 &	 Sons:	 New	 York,	 2000.	 (c)	 Organic	 Silicon	 Compounds;	
Ullmann’s	Encyclopedia	of	Industrial	Chemistry;	Röshe,	L.;	John,	P.;	Reitmeier,	R.;	Wiley-VCH:	Weinheim,	2003.	
2	Langkopf,	E.;	Schinzer,	D.	Chem.	Rev.	1995,	95,	1375.		
3	(a)	Silicon	in	Organic,	Organometallic,	and	Polymer	Chemistry;	Brook,	M.;	Wiley:	New	York,	2000.	(b)	Silicon	Polymers;	
Muzafarov,	A.	M.;	Springer:	Heidelberg,	2011.		
4	The	b-silicon	 effect	 or	 silicon	 hyperconjugation	 is	 the	 stabilizing	 effect	 of	 a	 silicon	 atom	 located	 at	b	position	 to	 a	
carbocation.		
5	(a)	Ref.	1.	(b)	Murphy,	J.	M.;	Liao,	X.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2007,	129,	15434.		
6	(a)	Stuart,	A.	M.;	Coe,	P.	L.;	Moody,	D.	J.	J.	Fluorine	Chem.	1998,	88,	179.	(b)	Tredwell,	M.;	Gouverneur,	V.	Org.	Biomol.	
Chem.	2006,	4,	26.	(c)	Furuya,	T.;	Ritter,	T.	Org.	Lett.	2009,	11,	2860.(d)	Tang,	P.;	Ritter,	T.	Tetrahedron	2011,	67,	4449.		
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reactions	 thus	 generating	 aniline	 derivatives,	 extremely	 important	 compounds	 in	 academic	 and	
industrial	laboratories	(Scheme	2.1,	path	b).7	This	transformation	is	equivalent	to	Cham-Lam	coupling	
but	applying	arylsilanes	instead	of	boronic	acids.	Furthermore,	arysilanes	can	be	used	in	ipso-nitration	
or	borylation	processes,8	as	well	as	the	in	preparation	of	diaryliodonoium	salts	which	can	be	further	
applied	 in	 the	 synthesis	 of	 benzyne	precursors.9	Hartwig	 and	 colleagues	 have	 recently	 developed	 a	
mild	 oxidative	 trifluoromethylation	 of	 arylsilanes	 using	 [phen)CuCF3]	 (phen	 =	 phenantroline)	 as	
trifluoromethyl	source	(Scheme	2.1,	path	c).10	In	addition	vinyl	and	benzyl	silanes	can	reacte	with	C-
based	 electrophiles	 such	 as	 acyl	 cations11	or	 CO2,12	thus	 furnishing	 the	 corresponding	 carbonyl	 and	
carboxylic	compounds.	In	some	special	cases,	non	ipso-electronic	substitution	has	been	observed	with	
substrates	bearing	electron-donating	groups,	which	are	activate	the	C-H	bonds	towards	conventional	
SEAr	reaction.Error!	Bookmark	not	defined.	The	silyl	group	can	also	be	oxidized	to	the	corresponding	alcohol	in	
he	 presence	 of	 peroxides	 or	 peracids,	 thus	 supressing	 the	 need	 for	 introducing	 alcohol	 protecting	
groups	 when	 applying	 conditions	 incompatible	 with	 alcohols,	 which	 are	 generally	 compatible	 with	
silicon	 compounds	 (Scheme	 2.1,	 path	 d).13	For	 instance,	 stereoselective	 Tamao-Kumada-Fleming	
oxidation	(peroxide	oxidation	of	C-Si	bonds)	has	been	applied	in	natural	product	synthesis	as	well	as	
diol	and	polyol	preparation,	important	intermediates	in	food	and	polymer	industry.		
	
Scheme	2.2.	Transmetalation	pathways	of	the	coupling	of	organohalides	with	organosilanes. 
	
Arylsilanes	can	participate	in	catalytic	cross-coupling	reactions	with	a	broad	range	of	electrophiles	in	
a	chemo-	and	regioselective	manner	(Scheme	1.1,	path	d).	Among	the	many	available	scenarios,	the	
most	 notorious	 one	 is,	 undoubdtedly,	 the	 Hiyama-Hatanaka	 type	 coupling. 14 	Both	 authors	
demonstrated	that	arylsilanes	can	be	coupled	with	aryl	halides	in	the	presence	of	Pd(0)	and	fluoride	
anion	 precursors.15	The	 key	 of	 this	 transformation	 is	 the	 in-situ	 generation	 of	 a	 tetracoordinated	
organosilane	 via	 halogenophilic	 attack	 of	 the	 fluoride	 ion	 (Scheme	2.2,	XVIII),	which	 is	 nucleophilic	
enough	to	undergo	the	corresponding	transmetalation	with	the	[Pd(II)ArX]	oxidative	addition	complex	
(XXXVII).	 This	 transmetalation	 is	 proposed	 to	 undergo	 via	 a	 four-membered	 transition	 state	with	 a	
                                                
7	(a)	 Lam,	P.	 Y.	 S.;	Deudon,	 S.;	Averill,	 K.	M.;	 Li,	 R.;	He,	M.	 Y.;	DeShong,	P.;	 Clark,	C.	G.	 J.	Am.	Chem.	 Soc.	2000,	122,	
7600.(b)	 Lundgren,	 R.	 J.;	 Stradiotto,	 M.	 Aldrichimica	 Acta	 2012,	 45,	 59.	 (c)	 Morstein,	 J.;	 Kalkman,	 E.	 D.;Cheng,	 C.;	
Hartwig,	J.	F.	Org.	Lett.	2016,	18,	5244.	
8	Hao,	Z.;	Snieckus,	V.	Org.	Lett.	2005,	7,	2523	and	citations	therein.	
9	Kitamura,	Tsugio;	Todaka,	Mitsuru;	Fujiwara,	Yuzo	Org.	Synth.	2002,	78,	10.	
10	Morstein,	J.;	Hou,	H.;	Cheng,	C.;	Hartwig,	J.	F.	Angew.	Chem.	Int.	Ed.	2016,	55,	8054.		
11	(a)	Ref.	1.	(b)	Brook,	M.	A.;	Henry,	C.	Tetrahedron	1996,	52,	861.		
12	Mita,	T.;	Chen,	J.;	Sugawara,	M.;	Sato,	Y.	Org.	Lett.	2012,	14,	6202.		
13	(a)	Fleming,	 I.;	Henning,	R.;	Plaut,	H.	J.	Chem.	Soc.,	Chem.	Commun.	1984,	29.(b)	Tamao,	K.;	 Ishida,	N.;	Tanaka,	T.;	
Kumada,	M.	Organometallics	1983,	2,	1694.(c)	Jones,	G.R.;	Landais,	Y.	Tetrahedron	1996,	52,	7599.		
14	For	selected	reviews:	(a)	Nakao,	Y.;	Hiyama,	T.	Chem.	Soc.	Rev.	2011,	40,	4893.	(b)	Sore,	H.	F;	Galloway,	W.	R.	J.	D.;	
Spring,	D.	R.	Chem.	Soc.	Rev.	2012,	41,	1845.		
15	Hatanaka,	Y.;	Fukushima,	S.;	Hiyama,	T.	Chem.	Lett.	1989,	1711.		
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hexacoordinated	 silicon	 atom	 (XXXIX). 16 	Shibata	 expanded	 this	 transformation	 to	
aryl(trialkoxy)silanes,17	which	later	were	demonstrated	to	efficiently	couple	with	more	attractive	aryl	
tosylates,18	mesylates,19	and,	 more	 recently,	 carbamates.20	Hiyama	 and	 Denmark,	 independently,	
reported	that	organosilanols	or	their	respective	salts	can	undergo	the	coupling	with	arylhalides	under	
mild	fluoride-free	conditions.21	Instead,	mild	bases	such	as	KOSiMe3	or	CsCO3	are	required	in	order	to	
deporotonate	 the	 silanol	 (generally	 dimethylsilanol).	 Deep	 mechanistic	 studies	 proved	 that	
transmetalation	 proceeds	 intramolecularly	 from	 an	 organopalladium(II)	 silanolate	 complex	 (XLI).22	
This	 step	 is	 boosted	 by	 a	 nucleophilic	 attack	 of	 a	 second	 silanolate	 molecule	 to	 form	 a	
pentacoordinated	 silicon	 center	 (XLII).	 Therefore,	 both	Hiyama	 and	Hiyama-Denmark	 coupling	 take	
place	 via	 a	 pentavalent	 silicon	 species.	 Recently,	 the	 applicability	 of	 Hiyama	 and	 Hiyama-Denmark	
coupling	 have	 been	 extended	 to	 more	 desirable	 electrophiles,	 such	 as	 aryl	 sulfamates23 	and	
carbamates.24	Furthermore,	 the	 coupling	 of	 arylsilanes	 have	 been	 applied	 to	 the	 direct	 oxidative	
arylation	of	arenes	via	Pd-	and	Au-catalyzed	C-H	functionalization.25	
	
Gevorgyan	and	colleagues	expanded	the	use	of	arylsilyl	groups	with	 the	 introduction	of	a	new	Si-
tethered	directing	group	in	C-H	bond	functionalization.	In	particular,	pyridyldiisopropylsilyl	(PyDipSi)	
motif,	modifiable/traceless	directing	group,	efficiently	directed	the	Pd-catalyzed	monoselective	ortho-
acyloxylation	and	ortho-halogenation	reactions	of	arenes.26	
	
Appart	form	their	undoubted	utility	as	intermediates	in	organic	synthesis,	arylsilanes	are	also	highly	
convenient	precursors	to	commercial	polymers	and	copolymers3	as	well	as	electroluminescent	
materials.27	
	
2.1.2.	Preparation	of	Arylsilanes	
	
2.1.2.1.	Silylation	of	aryl	halides	and	related	electrophiles		
	
Arylsilanes	 synthesis	 is	 “classically”	 accomplished	 via	 the	 utilization	 of	 stoichiometric	 amounts	 of	
organolithium	or	Grignard	compounds,	generated	via	halometalation	of	the	corresponding	aryl	halide,	
with	 an	electrophilic	 silicon	 source	 (Scheme	2.3,	 path	a).1	Alternatively,	aryl	 halides	 can	be	directly	
employed	 for	 similar	 purposes	 via	 transition	 metal-catalyzed	 cross-coupling	 reactions	 with	 silanes	
(R3SiH)28	or	disilanes	 (R3SiSiR3)29	(Scheme	2.3,	path	b).	The	direct	silylation	of	aryl	halides	provides	a	
                                                
16	For	a	theoretical	study:	Sugiyama,	A.;	Ohnishi,	Y.;	Nakaoka,	M.;	Nakao,	Y.;	Sato,	H.;	Sakaki,	S.;	Nakao,	Y.;	Hiyama,	T.	J.	
Am.	Chem.	Soc.	2008,	130,	12975.		
17	Shibata,	K.;	Miyazawa,	K.;	Goto,	Y.	Chem.	Commun.	1997,	1309.	
18	Zhang,	L.;	Wu,	J.	J.	Am.	Chem.	Soc.	2008,	130,	12250.		
19	(a)	Zhang,	L.;	Qing,	J.;	Yang,	P.	Y.;	Wu,	J.	Org.	Lett.	2008,	10,	4971.	(b)	So,	C.	M.;	Lee,	H.	W.;	Lau,	C.	P.;	Kwong,	F.	Y.	Org.		
Lett.	2009,	11,	317.		
20	Shi,	W.-J.;	Zhao,	H.-W.;	Wang,	Y.;	Cao,	Z.-C.;	Zhang,	L.-S.;	Yu,	D.-G.;	Shi,	Z.-J.
	
Adv.	Synth.	Catal.	2016,	358,	2410.		
21	Hirabayashi,	K.;	Kawashima,	J.;	Nishihara,	Y.;	Mori,	A.;	Hiyama,	T.	Org.	Lett.	1999,	1,	299.	(b)	Denmark,	S.	E.;	Wehrli,	D.	
Org.	Lett.	2000,	2,	565.	(c)	Denmark,	S.	E.;	Regens,	C.	S.	Acc.	Chem.	Res.	2008,	41,	1486.		
22	(a)	Denmark,	S.	E.;	Sweis,	R.	F.	J.	Am.	Chem.	Soc.	2004,	126,	4876.	(b)	Denmark,	S.	E.;	Smith,	R.	C.	J.	Am.	Chem.	Soc.	
2010,	132,	1243.		
23	Melvin,	P.	R.;	Hazari,	N.;	Beromi,	M.	M.;	Shah,	H.	P.;	Williams,	M.	J.	Org.	Lett.	2016,	18,	5784.		
24	Shi,	W.-J.;	Zhao,	H.-W.;	Wang,	Y.;	Cao,	Z.-C.;	Zhang,	L.-S.;	Yu,	D.-G.;	Shi,	Z.-J.	Adv.	Synth.	Catal.	2016,	358,	2410.	
25	For	selected	references:	(a)	Ball,	L.	T.;	Lloyd-Jones,	G.	C.;	Russell,	C.	A.	Science	2012,	337,	1644.	(b)	Funaki,	K.;	Sato,	T.;	
Oi,	S.Org.	Lett.	2012,	14,	6186.	
26	(a)	Huang,	C.;	Ghavtadze,	N.;	Chattopadhyay,	B.;	Gevorgyan,	V.	 J.	Am.	Chem.	Soc.	2011,	133,	17630.	 (b)	Huang,	C.;	
Chernyak,	N.;	Dudnik,	A.	S.,	Gevorgyan,	V.	Adv	Synth	Catal.	2011,	8,	353.		
27	(a)	 Sanchez,	 J.	 C.;	 DiPasquale,	 A.	 G.;	 Rheingold,	 A.	 L.;	 Trogler,	W.	 C.	Chem.	Mater.	 2007,	 19,	 6459.	 (b)	Mouri,	 K.;	
Wakamiya,	A.;	Yamada,	H.;	Kajiwara,	T.;	Yamaguchi,	S.	Org.	Lett.	2007,	9,	93.	(c)	Furukaea,	S.;	Kobayashi,	J.;	Kawashima,	
T.	J.	Am.	Chem.	Soc.	2009,	131,	14192.	
28	For	selected	references:	(a)	Manoso,	A.	S.;	DeShong,	P.	J.	Org.	Chem.	2001,	66,	7449.	(b)	Murata,	M.;	Ishikura,	M.;	
Nagata,	M.;	Watanabe,	S.;	Masuda,	Y.	Org.	Lett.	2002,	4,	1843.	(c)	Hamze,	A.;	Provot,	O.;	Alami,	M.;	Brion,	J.	–D.	Org.	
Lett.	2006,	8,	 931.	 (d)	Yamanoi,	 Y.;	 J.	Org.	Chem.	2005,	70,	 9607.	 (e)	Murata,	M.;	Ohara,	H.;	Oiwa,	R.;	Watanabe,	 S.;	
Masuda,	 Y.	 Synthesis	 2006,	 1771.	 (f)	 Murata,	 M.;	 Yamasaki,	 H.;	 Ueta,	 T.;	 Nagata,	 M.;	 Ishikura,	 M.;	 Watanabe,	 S.;	
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broader	functional	group	tolerance	than	when	highly	reactive	organolithium	or	Grignard	regents	are	
employed.	However,	the	toxicity	and	non-ready	synthesis	of	aryl	halides	as	well	as	the	use	of	highly	
reducing	 silanes28	 and	 expensive	 noble	 metal	 catalyzsts	 still	 constitute	 serious	 drawbacks.	
Noteworthy,	 highly	 nucleophilic	 ad	 basic	 trimethylsiliconide	 anion	 (Me3Si-)	 has	 shown	 to	 silylate	
chloro-,	 bromo-,	 and	 iodobenzene	 under	 transition	 metal-free	 conditions. 30 	The	 formation	 of	
protodehalogenated	product	 together	with	 the	observed	 inverse	order	 in	 reactivity	as	compared	to	
classical	SNAr	suggested	the	intermediacy	of	single	electron	transfer	processes	(SET)	promoted	by	silyl	
anion.31	A	 formal	 vicarious	 nucleophilic	 substitution	 (SNH)	 was	 observed	 when	 fluorobenzene	 or	
pyridines	were	employed,	although	the	mechanism	of	this	transformation	remains	unclear.32	The	lack	
of	 functional	 group	 tolerance	 and	 the	 need	 for	 of	 highly	 polar	 and	 toxic	 solvents	
(hexamethylphospho-ramide,	HMPA,	or	-triamide,	HMPT)	for	promoting	the	in	situ	generation	of	the	
silyl	anion33	restrict	the	applicability	of	these	transformations.		
	
Scheme	2.3.	Arylsilanes	synthesis	via	transition	metal-catalyzed	cross-coupling.	
	
Silylation	 reactions	 of	 phenol	 derivatives	 with	 remarkably	 activated	 C(sp2)-O	 bonds,	 such	 as	
fluoeroalkanesulfonates	(triflates	and	nonaflates),	have	also	been	reported	(Scheme	2.3,	path	c).28e,f	
However,	 the	high	cost	and	 low	stability	of	 the	substrates,	 in	addition	 to	 the	generation	of	 sulphur	
waste,	considerably	limited	the	applicability	of	this	transformations.	
	 	
                                                                                                                                      
Masuda,	Y.	Tetrahedron	2007,	63,	4087.	(g)	Yamanoi,	Y.;	Nishihara,	H.	J.	Org.	Chem.	2008,	73,	6671.	
29	(a)	Gooßen,	L.	J.;	Ferwanah,	A.-R.	S.	Synlett	2000,	12,	1801.	(b)	Iwasawa,	T.;	Komano,	T.;	Tajima,	A.;	Tokunaga,	M.;	
Obora,	Y.;	Fujihara,	T.;	Tsuji,	Y.	Organometallics	2006,	25,	4665.	(c)	McNeill,	Eric;	Barder,	Timothy	E.;	Buchwald,	Stephen	
L.	Org.	Lett.	2007,	9,	3785.	(d)	Denmark,	S.	E.;	Smith,	R.	C.;	Chang,	W.-T.	T.;	Muhuhi,	J.	M.	J.	Am.	Chem.	Soc.	2009,	131,	
3104.	(e)	Minami,	Y.;	Shimizu,	K.;	Tsuruoka,	C.;	Komiyama,	T.;	Hiyama,	T.	Chem.	Lett.	2014,	43,	201.		
30	(a)	Dervan,	P.	B.;	Shippey,	M.	A.	J.	Org.	Chem.	1977,	42,	2654.	(b)	Postigo,	A.;	Rosi,	R.	A.	Org.	Lett.	2001,	3,	1197.	(c)	
Postigo,	A.;	Rosi,	R.	A.Current	Organic	Chemistry	2003,	7,	747.		
31	Trialkylsilyl	anions	can	behave	as	one-electron-donors:	(a)	Sakurai,	H.;	Okada,	A.;	Kira,	M.;	Yonezawa,	K.	Tetrahedron	
Lett.	1971,	1511.	(b)	Sakwai,	H.;	Okada,	A.;	Umino,	H.;	Kira,	M.	J.	Am.	Chem.	Soc.	1973,	95,	955.		
32	We	consider	that	 this	 transformation	can	undergo	via	deprotonation	with	highly	basic	silyl	anion	(Gladyshev,	E.	N.;	
Fedorova,	E.	A.;	Razuvaev,	G.	A;	Yuntila,	L.	O.;	Vyazankin,	N.	S.	Journal	of	Organometallic	Chemistry	1975,	97,	25)	or	via	
silyl	radical	attack	(Chatgilialoglu,	C.	Chem.	Rev.	1995,	95,	1229).	
33	Me3Si-	is	formed	from	the	reaction	of	(Me3Si)2	with	KOMe,	whose	driving	forcé	is	the	formation	of	a	highly	energetic	
Si-O	bond.	
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Scheme	2.4.	Strategy	towards	C-CN	bond	silylation.	
	
Recently,	Tobisu	and	Chatani	have	developed	an	elegant	synthetic	alternative	using	aryl	and	vinyl	
nitriles	 (Scheme	2.3,	path	d).34	This	 transformation	 lays	on	 the	 reports	of	Bercaw	and	Brookhart	on	
silicon-assisted	 C-CN	 bond	 cleavage	 with	 Rh(I)-silyl	 complexes	 (XLIII)	 (Scheme	 2.4).	 This	 activation	
involves	of	a	formal	silylmetalation	of	the	cyano	group	that	generates	a	h2-complex	(XLIV),	followed	
by	 XLV	 formation	 via	 desinsertion	 of	 the	 silyl	 isocyanide.35	Tobisu	 and	 Chatani	 envisioned	 that	 the	
thus	formed	XLV	complex	could	react	with	a	disilane	which	would	regenerate	the		Rh(I)-silyl	species	
(XLIII)	 while	 furnishing	 the	 desired	 silylated	 produt	 together	 with	 a	 silyl	 isocyanide,	 which	 should	
isomerize	 to	 thermodynamically	 stable	 silyl	 cyanide	 (77).	 Although	 its	 conceptual	 novelty,	 the	
implementation	 of	 this	 methodology	 towards	 the	 synthesis	 of	 arylsilanes	 may	 be	 affected	 by	 the	
availability/prize	of	arylnitriles	substrates	and	precious	metal	precatalyst,	as	well	as	the	requirement	
of	high	temperatures.		
	
2.1.2.2.	Direct	silylation	of	arenes		
	
Transition	metal-catalyzed	C—H	silylation	
	
Catalytic	 methods	 involving	 direct	 silylation	 of	 arenes	 have	 emerged	 as	 attractive	 strategies	 as	
different	regioselectivities	as	those	obtained	with	prefunctionalized	substrates	could	be	achieved.36	In	
comparison	 with	 C-H	 bond	 borylation,37	C-H	 silylation	 is	 still	 in	 its	 infancy	 as	 intermolecular	
transformations	 often	 requires	 a	 large	 substrate/silane	 ratio,	 high	 temperatures,	 and/or	 ortho-
directing	 groups	 (Scheme	2.5,	 path	 a).38	Hartwig	 and	Cheng,	 as	 part	 of	 a	 intense	 research	program	
initially	based	on	Rh-catalyzed	C-H	silylation39	and	culminated	with	the	application	of	Ir-complexes,40	
could	overcome	 these	 limitations	 (Scheme	2.5,	path	b).	Both	works	are	elegant	examples	of	 steric-
controlled	C-H	silylation	reactions.	The	use	of	[Rh(COE)OH]2	and	a	chiral	biaryl	phosphine	allowed	for	
a	mild	 intermolecular	 silylation	using	arenes	as	 limiting	 reagent.39	However,	 the	applicability	of	 this	
                                                
34	(a)	Tobisu,	M.;	Kita,	Y.;	Chatani,	N.	J.	Am.	Chem.	Soc.	2006,	128,	8152.	(b)	Tobisu,	M.;	Kita,	Y.;	Ano,	Y.;	Chatani,	N.	J.	
Am.	Chem.	Soc.	2008,	130,	15982.	
35	(a)	Taw,	F.	L.;	White,	P.	S.;	Bergman,	R.	G.;	Brookhart,	M.	J.	Am.	Chem.	Soc.	2002,	124,	4192.	(b)	Taw,	F.	L.;	Mueller,	A.	
H.;	Bergman,	R.	G.;	Brookhart,	M.	J.	Am.	Chem.	Soc.	2003,	125,	9808.		
36	Cheng,	C.;	Hartwig,	J.	F.	Chem.	Rev.	2015,	115,	8946.		
37	(a)	Hartwig,	J.	F.	Chem.	Soc.	Rev.	2011,	40,	1992.	(b)	Ros,	A.;	Fernández,	R.;	Lassaletta,	J.	M.	Chem.	Soc.	Rev.	2014,	43,	
3229.	
38	For	selected	references,	see:	(a)	Simmons,	E.	M.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2010,	132,	17092.		(b)	Tsukada,	N.;	
Hartwig,	 J.	 F.	 J.	 Am.	 Chem.	 Soc.	2005,	127,	 5022.	 (c)	 Kakiuchi,	 F.;	Matsumoto,	M.;	 Tsuchiya,	 K.;	 Igi,	 K.;	Hayamizu,	 T.;	
Chatani,	 N.;	Murai,	 S.	 J.	 Organomet.	 Chem.	 2003,	 686,	 134.	 (d)	 Ishiyama,	 T.;	 Saiki,	 T.;	 Kishida,	 E.;	 Sasaki,	 I.;	 Ito,	 H.;	
Miyaura,	N.	Org.	Biomol.	Chem.	2013,	11,	8162.	
39	(a)	Cheng,	C.;	Hartwig,	J.	F.	Science	2014,	343,	853.(b)	Cheng,	C.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2014,	136,	12064.	(c)	
K.-S.;	Lee,	Katsoulis,	D.;	Choi,	J.	ACS	Catal.	2016,	6,	1493.		
40	Cheng,	C.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2015,	137,	592.		
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protocol	is	affected	by	the	high	cost	of	the	ligand	as	well	as	the	non-tolerance	of	halides	or	carbonyl	
groups,	which	 react	with	 the	 silane,	 or	 basic	N	 atoms	 that	poison	 the	 catalyst.	On	 the	other	hand,	
when	 using	 [Ir(COD)(OMe)]2	 as	 catalyst	 a	more	 economic	methylated	 phenantroline	 ligand	 can	 be	
employed	 and	 the	 previous	 chemoselectivity	 issues	 were	 overcome.40	 Nevertheless,	 high	
temperatures	are	still	required	and	poor	regioselectivity	is	obtained	with	1,2-disubstituted	substrates.	
Therefore,	 despite	 the	 gigantic	 advances,	 a	 cost-efficient	 undirected	 method	 for	 silylating	 arenes	
under	mild	conditions	and	with	exquisite	regioselectivities	is	still	out	of	reach.	
	
Scheme	2.5.	C-H	Bond	silylation	pathways.	
	
Electrophilic	aromatic	silylation	
Appart	from	the	state	of	the	art	noble-metal	catalyzed	functionalization,	C-H	silylation	can	also	be	
achieved	 by	 “classical”	 protocols,	 such	 as	 electrophilic	 aromatic	 substitution	 (SEAr).	 Both	 strategies	
provide	 complementary	 regioselectivities	 (steric	 vs.	 electronic	 control).	 Electrophilic	 aromatic	
silylation	 with	 halosilanes,	 however,	 is	 a	 rather	 challenging	 transformation	 due	 to	 the	 potential	
protodesilylation	 of	 the	 final	 product	 promoted	 by	 the	 proton	 generated	 from	 the	 Wheland	
intermediate.41,42	Olah	 and	 co-workers	 came	 out	 with	 the	 solution	 by	 using	 Hünig	 base	 (hindered	
tertiary	amines)	as	proton	sponges.41a	This	strategy	has	been	the	key	for	the	development	of	efficient	
intra-	 and	 intermolecular	 sila-Friedel-Crafts	 transformations. 43 	More	 recently,	 Oestreich	 have	
developed	 counterintuitive	 base-free	 Ru-,	 Fe-	 or	 Brønsted	 acid-catalyzed	 aromatic	 C-H	 silylation	
reactions	 using	 hydrosilanes	 (Scheme	 2.5,	 path	 c).44	Hou	 et	 al.	 observed	 similar	 reactivity	 using	 a	
                                                
41	Other	attempts	of	sila-Friedel-Crafts	reactions:	(a)	Sollott,	G.	P.;	Peterson,	W.	R.,	Jr.	J.	Am.	Chem.	Soc.	1967,	89,	5054.	
(b)	Ungurenasu,	C.	Rev.	Roum.	Chim.	1998,	43,	1087.		
42	For	a	comprehensive	review	on	electrophilic	aromatic	silylation:	Bähr,	S.;	Oestreich,	M.	Angew.	Chem.	Int.	Ed.	2016.	
DOI:	10.1002/anie.201608470.		
43	For	 selected	 references:	 (a)	Ref.	27c.	 (b)	Frick,	U.;	Simchen,	G.	Synthesis	1984,	929.	 (c)	Furukawa,	S.;	Kobayashi,	 J.;	
Kawashima,	T.	DaltonTrans	2010,	39,	9329.	(d)	Curless,	L.	D.;	Ingleson,	M.	J.	Organometallics	2014,	33,	7241.	(e)	Curless,	
L.	D.;	Clark,	E.	R.;	Dunsford,	J.	J.;	Ingleson,	M.	J.	Chem.	Commun.	2014,	50,	5270.		
44	(a)	Klare,	H.	F.	T.;	Oestreich,	M.;	Ito,	J.-i.;	Nishiyama,	H.;	Ohki,	Y.;	Tatsumi,	K.	J.	Am.	Chem.	Soc.	2011,	133,	3312.	(b)	
Kçnigs,	C.	D.	F.;	Müller,	M.	F.;	Aiguabella,	N.;	Klare,	H.	F.	T.;	Oes-	treich,	M.	Chem.	Commun.	2013,	49,	1506.	(c)Yin,	Q.;	
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boron-based	 Lewis	 acid	 as	 catalyst.45	These	 protocols	 are	 based	 on	 the	 catalytic	 activation	 of	 the	
silane	Si-H	bond,	which	generate	silicon	cation	species	able	to	promote	the	SEAr	with	the	release	of	
hydrogen.	Unfortunately,	 the	 reactivity	 is	 limited	 to	 indole-type	or	aniline	derivatives,	whereas	 less	
activated	substrates	cannot	be	silylated	by	means	of	catalytic	Friedel-Crafts	C-H	silylation.	
	
Unconventional	silylation	protocols	
	
Grubbs	 and	 colleagues	 reported	 an	 intriguing	 KOtBu-catalyzed	 C(sp2)-H	 or	 benzylic	 C(sp3)-H	
silylation	of	electron-rich	heteroaroatic	or	alkylaryl	scaffolds,	respectively	(Scheme	2.5,	path	d).46	The	
authors	 also	 observed	 an	 oxygen-directed	 C(sp2)-H	 silylation	 of	 simple	 arenes.	 This	 transformation	
was	shown	to	be	efficient	 for	 late-stage	 functionalization	of	active	pharmaceutical	compounds.	The	
mechanism	 behind	 this	 rather	 intriguing	 transformation	 is	 still	 uncertain.	 It	 was	 proposed	 the	
intermediacy	 of	 silyl	 radical	 species	 on	 basis	 of	 the	 detection	 of	 TEMPO-SiR3	 (TEMPO	 =	 2,2,6,6-
tetramethyl-1-piperidinyloxy,	free	radical)	adduct	when	adding	this	radical	scavenger	to	the	reaction.	
However,	a	sila-Minisci	pathway	was	likely	inoperative	as	electron-poor	heteroaromatic	rings,	such	as	
pyridine	or	quinolone,	were	not	reactive.	Furthermore,	when	submitting	Grubbs´	reactive	substrates	
to	 condtions	 reported	 to	 generate	 silyl	 radicals,47	any	 silylated	 product	 was	 detected.	 Therefore,	
these	preliminary	studies	suggested	a	novel,	but	still	unknown,	C-H	silylation	mechanism.	
	
2.1.2.	Preparation	of	Arylsilanes	
	
In	 constrast	 to	 the	health	of	 literature	on	 the	 synthesis	of	arylsilanes,	 the	preparation	of	benzylic	
silanes	 has	 not	 been	 so	well-studied.	 In	 consequence,	 the	 existing	methodologies	 present	 a	 rather	
limited	 substrate	 scope	 and/or	 harsh	 reaction	 conditions.	 As	 arylsilanes,	 benzylic	 derivates	 are	
traditionally	 prepared	 via	 halometalation/silylation	 techniques,48	which	 face	 the	 technical	 issues	
derived	 from	 the	use	of	 highly	 reactive	 and	 sensitive	 organolithium	or	Grignard	 reagents,	 together	
with	 a	 low	 functional	 group	 tolerance.	 Benzylic	 silanes	 can	 also	 be	 synthesized	 via	 Pd-catalyzed	
C(sp3)-Br	 bond	 activation.49	However,	 only	 few	 examples	 were	 reported	 to	 be	 silylated	 at	 high	
temperaturs	(130	ºC).	Recent	developments	on	C-H	bond	silylation	have	been	successfully	applied	to	
benzylic	C(sp3)-H	bonds	with	the	requirement	of	specific	directing	groups.50	Recent	efforts	have	been	
realized	on	the	development	of	more	efficient	silylation	methods	using	organohalides	a.	 In	this	 line,	
silylboranes	 have	 recently	 shown	 to	 be	 particularly	 reactive	 reagents	 towards	 silylation	 of	 benzyl51	
and	also	aryl	halides.52,53	
	
2.2.	Si-B	Interelement	Compounds:	Synthesis,	Activation	Pathways	and	Catalysis	
	
                                                                                                                                      
Klare,	H.	F.	T.;	Oestreich,	M.	Angew.	Chem.	Int.	Ed.	2016,	66,	3204.	(d)	Chen,	Q.-A.;	Klare,	H.	F.	T.;	Oestreich,	M.	J.	Am.	
Chem.	Soc.	2016,	138,	7868.		
45	Ma,	Y.;	Wang,	B.;	Zhang,	L.;	Hou,	Z.	J.	Am.	Chem.	Soc.	2016,	138,	3663.		
46	Toutov,	A.	A.;	Liu,	W.-B.;	Betz,	K.	N.;	Fedorov,	A.;	Stoltz,	B.	M.;	Grubbs,	R.	H.	Nature	2015,	518,	80.	
47	Du,	W.;	Kaskar,	B.;	Blumbergs,	P.;	Subramanian,	P.	K.;	Curran,	D.	P.	Bioorg.	Med.	Chem.	2003,	11,	451.		
48	(a)	Fraenkel,	G.;	Duncan,	J.	H.;	Martin,	K.;	Wang,	J.	J.	Am.	Chem.	Soc.	1999,	121,	10538;	(b)	Martin,	G.;	Kipping,	F.	S.;	J.	
Chem.	Soc.	1909,	95,	302.		
49	(a)	 Eaborn,	 C.;	 Grif-fiths,	 R.	W.;	 Pidcock,	 A.	Organomet.	 Chem.	 1982,	 225,	 331.	 (b)	Matsumoto,	 H.;	 Kasahara,	M.;	
Matsubara,	I.;	Takahashi,	M.;	Arai,	T.;	Hasegawa,	M.;	Nakano,	T.;	Nagai,	Y.	J.	Organomet.	Chem.	1983,	250,	99.		
50	(a)	Ureshino,	T.;	Yoshida,	T.;	Kuninobu,	Y.;	Takai,	K.	J.	Am.	Chem.	Soc.	2010,	132,	14324.	(b)	Kakiuchi,	F.;	Tsuchiya,	K.;	
Matsumoto,	M.;	Mizushima,	 E.;	 Chatani,	 N.	 J.	 Am.	 Chem.	 Soc.	2004,	126,	 12792.	 (c)	 Li,	 Q.;	 Driess,	M.;	 Hartwig,	 J.	 F.	
Angew.	Chem.	Int.	Ed.	2014,	53,	8471.		
51	Huang,	Z.-D.;	Ding,	R.;	Wang,	P.;	Xu,	Y.-H.;	Loh,	T.-P.	Chem.	Commun.	2016,	52,	5609.		
52	Guo,	H.;	Chen,X.;	Zhao,	C.;	He,	W.	Chem.	Commun.	2015,	51,	17410.		
53	For	an	isolated	example	of	a	Cu-catalyzed	silylation	of	benzylic	phosphates:	(a)	Takeda,	M.;	Shintani,	R.;	Hayashi,	T.	J.	
Org.	Chem.	2013,	78,	5007.	
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2.2.1.	Synthesis	of	Si-B	compounds	
	
Although	Si-B	bond-containing	compounds	have	been	known	since	1960,54	their	reactivity	has	not	
been	 explored	 until	 recently,	 mainly	 due	 to	 the	 lack	 of	 synthetic	 methods	 for	 preparing	 stable	
silylboranes.55	Nöth	and	co-workers	carried	out	 systematic	 studies	on	 the	stability	of	 the	Si-B	bond	
and	discovered	that	silylboranes	with	amino	groups	directly	attached	to	the	boron	atom	remarkably	
increase	the	stability	of	this	type	of	bond.56	This	is	due	to	electronic	shielding	effect	of	the	lone	pairs	
of	the	nitrogen	atoms	to	the	otherwise	highly	reactive	boron	center.	However,	silylboranes	with	only	
alkyl	groups	connected	to	the	boron	atom	were	not	stable	unless	they	were	bulky	enough	to	hinder	
the	reactive	center.57	In	line	with	this	notion,	Buynak	and	Geng	successfully	prepared	various	oxygen-
substituted	Si-B	compounds	via	ligand	exchange	of	the	amino-derivatives	with	an	appropriate	diol.58	
Therefore,	 the	 Nöth-type	Me2PhSiB(NEt2)2	(Scheme	 2.6,	 80)59	served	 as	 a	 platform	 for	 preparing	 a	
wide	 variety	 of	 silylboronates	 including	 ethyleneglycol	 (Beg)	 and	 catechol	 (Bcat)	 derivatives.60	This	
protocol	 was	 also	 applied	 for	 the	 synthesis	 of	 chiral	 reagents	 such	 as	 thoses	 derived	 from	
(1R,2R,3S,5R)-(-)-pinanediol.61	
	
Scheme	2.6.	Synthesis	of	arylsilylboronic	esters.	
	
Ito	and	co-workers	then	introduced	Me2PhSiBpin	(82)	by	an	analogous	synthetic	pathway	(Scheme	
2.6,	 path	 a).62	The	 Si-B	 bond	 stability	 towards	 hydrolysis	 of	 this	 compound	was	 provd	 to	 be	much	
higher	due	to	the	larher	steric	hindrance	of	the	Bpin	moiety	as	compared	to	Beg,	Bcat	or	other	boryl	
groups.	The	wide	applicability	of	82	 in	transition	metal	catalysis,	as	a	result	of	its	enhanced	stability,	
prompted	Suginome	and	 Ito	 to	 find	more	 convenient	 synthetic	pathways.63	Thus,	 they	developed	a	
much	 more	 straightforward	 synthesis	 via	 the	 reaction	 of	 silyl	 lithium	 reagent	 79	 with	 a	 boron	
electrophile	 (83)	 (Scheme	 2.6,	 path	 b).	 This	 strategy	 allowed	 for	 the	 commercialization	 of	 82,	
commonly	recognized	as	Suginome´s	reagent,	which	in	the	last	years	has	emerged	as	the	state	of	the	
art	of	the	main	group	compounds.	
                                                
54	Seyferth,	D.;	Raab,	G.;	Grim,	S.	O.	J.	Org.	Chem.	1961,	26,	3034.	
55	For	complete	reviews	on	silylboranes:	(a)	Ohmura,	T.;	Suginome,	M.	Bull.	Chem.	Soc.	Jpn.	2009,	82,	29.	(b)	Oestreich,	
M.;	Hartmann,	E.;	Mewald,	M.	Chem.	Rev.	2013,	113,	402.	
56	(a)	Nöth,	H.;	Höllerer,	G.	Angew.	Chem.,	 Int.	Ed.	Engl.	1962,	1,	551.	 (b)	Nöth,	H.;	Höllerer,	G.	Chem.	Ber.	1966,	99,	
2197.	Biffar,	W.;	Nöth,	H.;	Schwerthöffer,	R.	Liebigs	Ann.	Chem.	1981,	2067.	
57	(a)	Bonnefon,	E.;	Birot,	M.;	Dunogues,	J.;	Pillot,	J.-P.;	Courseille,	C.;	Taulelle,	F.	Main	Group	Met.	Chem.	1996,	19,	761.	
(b)	Araujo	Da	Silva,	J.	C.;	Birot,	M.;	Pillot,	J.-P.;	Pétraud,	M.	J.	Organomet.	Chem.	2002,	646,	179.	
58	Buynak,	J.	D.;	Geng,	B.	Organometallics	1995,	14,	3112.	
59	Chavant,	P.	Y.;	Vaultier,	M.	J.	Organomet.	Chem.	1993,	455,	37.	
60	Buynak,	J.	D.;	Geng,	B.	Organometallics	1995,	14,	3112.	
61	Suginome,	M.;	Ohmura,	T.;	Miyake,	Y.;	Mitani,	S.;	Ito,	Y.;	Murakami,	M.	J.	Am.	Chem.	Soc.	2003,	125,	11174.		
62	(a)	Suginome,	M.;	Nakamura,	H.;	 Ito,	Y.	Chem.	Commun.	1996,	2777.	(b)	Suginome,	M.;	Matsuda,	T.;	Nakamura,	H.;	
Ito,	Y.	Tetrahedron	1999,	55,	8787.	
63	(a)	 Suginome,	M.;	Matsuda,	 T.;	 Ito,	 Y.	Organometallics	2000,	19,	 4647.	 (b)	Ohmura,	 T.;	Masuda,	 K.;	 Furukawa,	H.;	
Suginome,	M.	Organometallics	2007,	26,	1291.	
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Scheme	2.7.	Synthesis	of	trialkylsilylboronic	esters.	
	
Ito	and	Suginome´s	synthethic	strategy	was	exclusive	for	the	synthesis	silylboronates	with	at	 least	
one	phenyl	group	attached	to	the	silicon	atom.	However,	trialkylsilylboronates	cannot	be	prepared	by	
means	 of	 triallkylsilyl	 lithium	 intermediates	 since	 they	 cannot	 be	 readily	 synthesized.	 Trialkyl-silyl	
compounds,	unlike	aryl	derivatives,	cannot	be	obtained	from	halometalation	of	chlorosilanes	due	to	
the	 inability	 of	 alkali	 metals	 to	 break	 the	 inevitably	 generated	 alkyl3Si-Sialkyl3	 bonds.	 Per	 contra,	
these	bonds	can	be	cleaved	in	the	presence	of	alkoxide	anions	in	highly	polar	solvents	(HMPA),	being	
the	 driving	 force	 of	 this	 reaction	 the	 formation	 of	 a	 highly	 stable	 Si-O	 bond.30,31	 However,	 the	
requirement	of	toxic	and	non-user	friendly	solvents	together	with	the	limited	commercial	availability	
of	disilanes,	as	compared	to	chlorosilanes,	have	impeded	the	implementation	of	this	reaction	towards	
the	 synthesis	 of	 trialkylsilylboranes.	 By	 appealing	 to	 Ir-catalytic	 techniques,	 Hartwig	 successfully	
reported	a	practical	synthesis	of	trialkylsilylboranes	such	as	Et3SiBpin	(86)	using	silanes	and	B2pin2	(84)	
(Scheme	2.7).64	This	particular	compound	has	emerged	 in	 the	 last	 lustrum	as	a	useful	 silicon	source	
for	transition	metal-catalyzed	silylation	reactions	via	C-H	or	C-O	bond	functionalization.65		
	
2.2.1.	Activation	of	Si-B	compounds	
	
As	summarized	 in	Scheme	2.8,	mechanisms	of	 silylborane	activation	are	diverse,55	being	the	most	
commonly	 applied	 the	 oxidative	 addition	 of	 Si-B	 bond	 to	 various	 low-valent	 Group	 10	 transition	
metal	 complexes	 (path	 a,	M	 =	 Ni(0),	 Pd(0),	 Pt(0)).6667	A	 recent	 report	 by	 Suginome	 and	 colleagues	
expanded	 this	 activation	 approach	 by	 a	 catalytic	 generation	 of	 a	 stabilized	 silylene	 through	 a	
consecutive	oxidative	addition/b-elimination	pathway	(path	b,	M	=	Pd(0)).68		
	
                                                
64	(a)	Boebel,	T.	A.;	Hartwig,	J.	F.	Organometallics	2008,	27,	6013.	(b)	Larsen,	M.	A.;	Wilson,	C.	V.;	Hartwig,	J.	F.	J.	Am.	
Chem.	Soc.	2015,	137,	8633.	
65	(a)	Zarate,	C.;	Martin,	R.	 J.	Am.	Chem.	Soc.	2014,	136,	2236.	 (b)	Guo,	L.;	Chatupheeraphat,	A.;	Rueping,	M.	Angew.	
Chem.	Int.	Ed.	2016,	55,	11810.	(c)	Pu,	X.;	Hu,	J.;	Zhao,	Y.;	Shi,	Z.	ACS	Catal.	2016,	6,	6692.		
66	For	 reviews	 on	 addition	 of	 silylboranes	 to	 unsaturated	 bonds	 via	 oxidative	 addition	 of	 Si-B	 bond	 to	 low	 valent	
transition	metals:	(a)	Suginome,	M.;	Ito,	Y.	Chem.	Rev.	2000,	100,	3221.	(b)	Suginome,	M.;	Ito,	Y.	J.	Organomet.	Chem.	
2003,	680,	43.	(c)	Beletskaya,	I.	Chem.	Rev.	2006,	106,	2320.	(d)	Burks,	H.	E.;	Morken,	J.	P.	Chem.	Commun.	2007,	4717.		
67	For	Si-B	oxidative	addition	to	Ir(I)	complexes,	see	ref.	64.	
68	Ohmura,	T.;	Masuda,	K.;	Suginome,	M.	J.	Am.	Chem.	Soc.	2008,	130,	1526.	
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Scheme	2.8.	Si-B	Bond	activation	pathways.	
	
Activation	 of	 Si-B	 bonds	 is	 also	 viable	 via	 transmetalation	 as	 Kawachi,	Minamimoto,	 and	 Tamao	
firstly	 observed	 with	 the	 stoichiometric	 boron-metal	 exchange	 at	 silicon	 with	 either	 alkoxides	 or	
carbanions	 (path	 c,	M	 =	 K;	 path	 d,	M	=	 Li,	MgX).69	This	method	 allow	 provide	 a	 feasible	 access	 to	
stoichiometric	alkali-silyl	species	through	the	attack	of	the	nucleophile	to	the	boron	atom,	the	most	
Lewis	acidic	center	of	the	Si-B	bond.	However,	the	synthethic	advantages	of	this	approach	have	not	
been	 as	 widely	 exploited	 as	 the	 oxidative	 addition	 pathway.	 Transition	 metal-alkoxides	 can	 also	
activate	silylboranes	in	a	catalytic	fashion	via	σ–bond	metathesis	(path	e,	M	=	Rh(I),	Cu(I),	Ni(II)).70	In	
both	stoichiometric	and	catalytic	generation	of	metal-silyl	species,	the	boryl	unit	is	sacrified.	Ito	and	
co-workers	observed	an	exceptional	activation	of	silylboranes	using	exclusively	catalytic	amounts	of	
KOtBu,	 which	 allowed	 for	 the	 silaboration	 of	 styrene	 substrates.71	The	 authors	 suggested	 that	 this	
intriguing	 reactivity	 via	 the	 formation	 of	 a	 KOtBu·82	 adduct	 (observed	 by	 11B	NMR	 spectroscopy),	
thus	 ruling	 out	 the	 direct	 formation	 of	 silyl	 anion	 species.	 However,	 more	 details	 about	 how	 the	
reaction	proceeds	were	not	provided.	
	
In	contrast	with	the	known	literature	data,	Ito	and	co-workers	demonstrated	that	silylboranes	can	
be	 employed	 for	 transferring	 the	 boryl	 with	 the	 help	 of	 an	 alkoxide	 base	when	 organohalides	 are	
employed	 as	 substrates. 72 	It	 was	 demonstrated	 that	 silyl	 anions	 are	 formed,	 which	 undergo	
halogenophilic	attack	thus	generating	a	carbanion	intermediate,	which	is	responsible	of	this	unusual	
reactivity.72b	 Recently,	 it	 has	 been	 reported	 that	 catalytic	 amounts	 of	 a	 Lewis	 base,	 such	 as	 NHC	
species,	enable	a	metal-free	intermolecular	silyl	transfer	to	Michael	acceptors	(path	f).73	Furthermore,	
an	 isolated	 example	 of	 homolytic	 Si-B	 bond	 cleavage	 by	 UV	 irradiation	 can	 also	 be	 found	 in	 the	
literature	(path	g).74	
	
2.2.1.	Application	of	Si-B	compounds	in	organic	synthesis	
	
Surprisingly,	 reactions	 involving	 silylboranes,	 particularly	 those	 for	 organic	 synthesis,	 have	 not	
thoroughly	 been	 investigated	 until	 recently.	 Compounds	 containing	 Si-B	 bonds	 have	 been	 widely	
used	in	inter-	or	intramolecular	addition	to	unsaturated	organic	compounds	such	as	alkynes,	alkenes,	
enones,	1,3-dienes,	and	allenes	in	the	presence	of,	mainly,	group	10	metal	catalysts	(Scheme	2.9,	path	
a).55,66	 These	 silaborations	 transformations	 proceed	 in	 a	 highly	 regio-	 and	 stereoselective	 manner,	
leading	to	the	formation	of	organic	compounds	bearing	silyl	and/or	boryl	groups	that	can	be	used	for	
diverse	synthetic	applications.		
	
	 	
                                                
69	Kawachi,	A.;	Minamimoto,	T.;	Tamao,	K.	Chem.	Lett.	2001,	30,	1216.	
70	Hartmann,	E.;	Oestreich,	M.	Chim.	Oggi	2011,	29,	34	
71	Ito,	H.;	Horita,	Y.;	Yamamoto,	E.	Chem.	Commun.	2012,	48,	8006.		
72	(a)	Yamamoto,	E.;	 Izumi,	K.;	Horita,	Y.;	 Ito,	H.	 J.	Am.	Chem.	Soc.	2012,	134,	19997.	 (b)	Uematsu,	R.;	Yamamoto,	E.;	
Maeda,	S.;	Ito,	H.;	Taketsugu,	T.	J.	Am.	Chem.	Soc.	2015,	137,	4090.	(c)	Yamamoto,	E.;	Ukigai,	S.;	Ito,	H.	Chem.	Sci.	2015,	
6,	2943.	
73	(a)	O’Brien,	J.	M.;	Hoveyda,	A.	H.	J.	Am.	Chem.	Soc.	2011,	133,	7712.	(b)	Oshima,	K.;	Ohmura,	T.;	Suginome,	M.	Chem.	
Commun.	2012,	48,	8571.	(c)	Kleeberg,	C.;
	
Borner,	C.	Eur.	J.	Inorg.	Chem.	2013,	2799.	
	(d)	Wu,	H.;	Garcia,	J.	M.;	Haeffner,	F.;	Radomkit,	S.;	Zhugralin,	A.	R.;	Hoveyda,	A.	H.	J.	Am.	Chem.	Soc.	2015,	137,	10585.		
74	Matsumoto,	A.;	Ito,	Y.	J.	Org.	Chem.	2000,	65,	5707.	
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Scheme	2.9.	Organic	transformations	with	silylboranes.	
	
In	 addition,	 these	 Si-B	 interelement	 reagents	 have	 been	 rarely	 applied	 in	 the	 synthesis	 of	
arylboronic	esters.	Ito	and	coworkers	demonstrated	that	a	PhMe2SiBpin	(82)/KOMe	system	could	be	
employed	 in	the	borylation	of	aryl	and	alkyl	halides	under	transition	metal-free	conditions	 (path	b).	
The	 explanation	 behind	 this	 unusual	 reactivity	 lays	 on	 the	 halogenophilic	 attack	 of	 the	 in-situ	
generated	 KSiMe2Ph	 species	 thus	 forming	 a	 carbanion	 that	 can	 subsequently	 be	 borylated.	
Furthermore,	 Hartwig	 and	 colleagues	 developed	 C(sp2)-H,64a	 and	 C(sp3)-H64b	 bond	 borylation	
protocols	using	Et3SiBpin	(86)	under	Ir/bipyridine-catalyzed	conditions	(path	c).		
	
Nevertheless,	to	the	best	of	our	knowledge,	the	use	of	this	family	of	compounds	in	the	preparation	
of	aryl	or	benzylic	silanes	had	no	precedents	in	literature	by	the	time	we	published	the	work	detailed	
in	 this	 chapter.75	Herein,	 we	 report	 a	 silylation	 reaction	 of	 unactivated	 aryl	 and	 benzyl	 esters	 via	
catalytic	 C-O	 cleavage.65a	 Consecutive	 to	 our	 report,	 several	works	 	on	 the	 direct	 transition	metal-
catalyzed	silylation	of	aryl,52	benzyl,51	and	alkyl	(pseudo)halides76	were	reported	(path	d).77	
	
2.3.	Ni/Cu-catalyzed	Silyaltion	of	Aryl	and	Benzyl	Pivalates	
	
Despite	the	multiple	advantages	provided	by	the	use	of	unactivated	phenol	derivatives	as	coupling	
partners,78	the	development	of	a	catalytic	C-Si	bond	 forming	event	using	simple	and	unbiased	C-O	
electrophiles	has	no	precedents	 in	the	 literature.	Convinced	by	the	potential	of	this	transformation,	
we	decided	 to	venture	 into	 this	area	of	expertise	by	developing	a	 silylation	 reaction	of	unactivated	
aryl	 esters	 via	 Ni-catalyzed	 C-O	 bond	 cleavage.	 If	 successful,	 this	 protocol	 would	 constitute	 an	
excellent	alternative	to	existing	methodologies	for	the	preparation	of	arylsilanes.	
                                                
75	For	selected	examples	of	silylation	of	activated	allyllic	systems	with	82:	(a)	Vyas,	D.	J.;	Oestreich,	M.	Angew.	Chem.	Int.	
Ed.	2010,	49,	8513.	(b)	Delvos,	L.	B.;	Vyas,	D.	J.;	Oestreich,	M.	Angew.	Chem.	Int.	Ed.	2013,	52,	4650.	(c)	Delvos,	L.	B.;	
Oestreich,	M.	Synthesis	2015,	47,	924.	(d)	Ref.	53,	which	also	included	the	silylation	of	an	isolated	benzyl	phosphate.	
76	(a)	Scharfbier,	J.;	Oestreich,	M.	Synlett	2016,	27,	1274.	(b)	Xue,	W.;	Qu,	Z.-W.;	Grimme,	S.;	Oetreich,	M.	J.	Am.	Chem.	
Soc.	2016,	138,	14222.	
77	Inspired	by	our	 found	 conditions	 (ref.	65a)	 two	 reports	on	Ni/Cu-catalyzed	decarbonylative	 silylation	of	 aryl	 esters	
using	86	were	published:	ref.	65b-c.	
78	For	selected	reviews	on	C–O	cleavage:	(a)	Rosen,	B.	M.;	Quasdorf,	K.	W.;	Wilson,	D.	A.;	Zhang,	N.;	Resmerita,	A.-M.;	
Garg,	N.	K.;	Percec	V.	Chem.	Rev.	2011,	111,	1346.	(b)	Su,	B.;	Cao,	Z.	–C.;	Shi,	Z.	–J.	Acc.	Chem.	Res.	2015,	48,	886.	(c)	
Yamaguchi,	J.;	Muto,	K.;	Itami,	K.	Eur.	J.	Org.	Chem.	2013,	19.	(d)	Tollefson,	E.	J.;	Hanna,	L.	E.;	Jarvo,	E.	R.	Acc.	Chem.	Res.	
2015,	48,	2344.	(e)	Tobisu,	M.;	Chatani,	N.	Top.	Curr.	Chem.	2016,	41,	374.	(f)	Zarate,	C.;	van	Gemmeren,	M.;	Somerville,	
R.	J.;	Martin,	R.	Phenol	Derivatives:	Modern	Electrophiles	in	Cross-Coupling.	 In	Advances	in	Organometallic	Chemistry.	
Pérez,	P.	J.	Ed.;	Elsevier:	Cambridge,	MA,	United	States,	2016;	Vol.	66,	pp.	143.		
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2.3.1.	Optimization	of	the	reaction	conditions79	
	
When	 initiating	 the	 optimization	 of	 our	 protocol	 we	 anticipated	 that	 the	 silylation	 of	 aryl	 esters	
would	be	highly	dependent	of	the	Si-based	coupling	partner.	We	envisioned	the	use	of	silylboranes	as	
as	 a	 masked	 silicon	 source	 would	 particularly	 convenient	 as	 the	 direct	 employment	 of	 highly	
nucleophilic	silyl-metal	species	would	preferentially	attack	to	the	carbonyl	motiff	of	the	carboxylate.	
Other	 alternative	 could	 be	 the	 employment	 of	 disilanes.	 However,	 as	 commented	 before,	 the	
activation	of	Si-Si	bonds	requires	the	presence	of	rather	nucleophilic	alkoxides	bases	and	extremely	
coordinating	 solvents	 (i.e.	 HMPA),	 two	 aspects	 incompatible	with	 the	 presence	 of	 carbonyl	 groups	
and	 Ni(0)	 precatalysts,	 respectively.	 As	 silylborane	 we	 restorted	 to	 Et3SiBpin	 (86)	 since	 the	 most	
popular	PhMe2SiBpin	(86)	would	generate	ArSiMe2Ph	as	product,	in	which	the	presence	of	two	Ar-Si	
bonds	would	complicate	the	further	functionalization	of	the	silylated	product.		
	
As	starting	catalytic	conditions	we	applied	the	state	of	the	art	[Ni(COD)2]/PCy3	system	for	C-O	bond	
cleavage.	In	order	to	overcome	the	relatively	high	energetic	barrier	required	for	the	activation	of	C-O	
electrophiles	 we	 commenced	 with	 high	 reaction	 temperature	 (130	 ºC).	 Considering	 the	 higher	
efficiency	 of	 previous	 C-O	 bond	 cleavage	 protocols	 in	 non-polar	 solvents	 we	 used	 toluene	 as	 the	
initial	solvent.	We	selected	naphthalen-2-yl	pivalates	(68)	as	model	substrate	of	our	screening	due	to	
the	general	higher	reactivity	of	π–extended	systems	as	well	as	the	higher	robustness	of	the	pivaloyl	
group	towards	hydrolysis.	Under	these	conditions,	we	observed	a	promising	24%	yield	of	the	desired	
silylated	product	 (87a)	 together	with	minimal	amount	of	 reduced	product	 (70)	 (Table	2.1,	entry	1).	
When	decreasing	the	temperature	(entry	2)	or	using	other	Ni(0)	or	Ni(II)	sources	(entries	3	–	8)	 the	
formation	 of	 decreases	 of	 completely	 shutted	 down.	 Although	 tentative,	 these	 lack	 of	 reactivity	
with	 different	 Ni	 precatalysts	 suggests	 that	 COD	 may	 serve	 as	 non-innocent	 ancillary	 ligand	
within	the	catalytic	cycle.80	
	
Entry	 [Ni]	 Conv.	(%)	 87a	(%)	 70	(%)	 88	(%)	
1	 Ni(COD)2	 47	 24	 6	 0	
2a	 Ni(COD)2	 25	 11	 2	 1	
3	 Ni(PCy3)2(C2H4)	 30	 0	 0	 0	
4a	 Ni(PCy3)2(C2H4)	 5	 1	 0	 0	
5b	 NiCl2(PCy3)2	 19	 1	 12	 71	
6a,b	 NiCl2(PCy3)2	 10	 0	 0	 0	
7b	 NiCl2·DME	 51	 0	 1	 38	
8b,c	 NiCl2(dppe)	 9	 0	 0	 81	
	
39a	(0.25	mmol),	86	(0.3	mmol),	[Ni]	(10	mol%),	PCy3	(20	mol%),	PhMe	(2.0	mL),	130	ºC,	15	h.	GC	
yield	using	decane	as	internal	standard.	a	Reaction	conducted	at	50	ºC	for	2h.	b	Zn	(0.25	mmol)	was	
used	as	Ni(II)	reductant.	c	dppe	(10	mol%)	instead	of	PCy3.	dppe	=	1,2-
Bis(diphenylphosphino)ethane.	
	
                                                
79	Representative	examples	of	the	screening	of	the	reaction	conditions	are	presented	in	Tables	2.1-2.8.	
80	See	 for	 example:	 (a)	 Fürstner,	 A.;	Majima,	 K.;	Martin,	 R.;	 Krause,	H.;	 Kattnig,	 E.;	Goddard,	 R.;	 Lehmann,	W.	 J.	 Am.	
Chem.	Soc.	2008,	130,	1992.	(b)	Cornella,	J.;	Gómez-Bengoa,	E.;	Martin,	R.	J.	Am.	Chem.	Soc.	2013,	135,	1997.		
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Table	2.1.	Screening	of	Ni	precatalyst.	
	
Next,	we	turned	our	attention	to	study	the	effect	of	the	ligand	in	our	reaction	outcome.	As	reflected	
in	Table	2.2,	silylated	product	was	exclusively	detected,	although	still	 in	 low	yields,	when	bulky	and	
electron-rich	phosphines	or	NHC	 ligands	were	employed	 (entries	1-13).	This	 is	 in	 line	with	previous	
transformations	 of	 phenol	 derivatives	 in	 which	 this	 type	 sterically	 demanding	 s–donating	 ligands	
were	required	to	cleave	the	otherwise	elusive	C(sp2)-O	bond	(vide	Chapter	1).78		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
39a	(0.25	mmol),	86	(0.3	mmol),	Ni(COD)2	(10	mol%),	ligand	(20	mol%	monodentate	L,	10	mol%	
bidentate	L),	PhMe	(2.0	mL),	130	ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	
	
Table	2.2.	Screening	of	supporting	ligands.	
	
As	 anticipated,	 the	 use	 of	 additives	 to	 activate	 the	 Si-B	 bond	 played	 a	 crucial	 role.55	 However,	
activation	 via	 transmetalation	with	 stoichiometric	 amounts	 of	 alkoxide	 or	 carbanions	 (Scheme	 2.8,	
path	 c	 and	 d)69	 would	 not	 be	 viable	 faced	 the	 sensitivity	 of	 the	 carbonyl	 group	 to	 nucleophilic	
addition.	Therefore,	in	the	quest	of	alternative	activation	pathways	we	found	that	catalytic	amounts	
of	a	fluoride	salt	had	a	particular	effect	in	the	promotion	of	the	reaction	(Table	2.3).	Amounts	below	
stoichiometry	of	CuF2	resulted	especially	effective	in	our	silylation	protocol	(entry	1	vs.	2	-4),	whereas	
other	fluorides	salt	of	alkali	or	transition	metals	provided	87a	in	lower	yield	(entries	5-	11).		
	
	
Entry	 Additive	(mol%)	 Conv.	(%)	 87a	(%)	 70	(%)	 88	(%)	
1	 -	 47	 24	 6	 0	
2	 CuF2	(30%)	 79	 61	 6	 0	
Entry	 Ligand	 Conv.	(%)	 87a	(%)	 70	(%)	 88	(%)	
1	 PCy3	 47	 24	 6	 0	
2	 PCp3	 62	 25	 5	 0	
3	 PtBu3	 26	 0	 0	 0	
4	 PMe3	 29	 0	 0	 0	
5	 PtBuCy2	 45	 20	 0	 0	
6	 PtBuCy2	 45	 20	 0	 0	
7	 PPh3	 7	 1	 2	 0	
8	 dppe	 7	 0	 0	 0	
9	 dppp	 10	 0	 0	 0	
10	 Xantphos	 34	 0	 17	 0	
11	 RuPhos	 72	 29	 5	 4	
12	 SIMes·HCl	 30	 0	 13	 28	
13	 IPr·HBF4	 42	 23	 8	 10	
O
PPh2 PPh2
Me Me
Xantphos
N NiPr iPr
BF4-
IPr·HCl
N
N
Me
Me
Me
Me
Me
Me
Cl-
SIMes·HCl
n=2; dppe
n=3; dpppPh2P PPh2
iPrO
Ruphos
Cy2P OiPr
n
39a 86
Et3SiBpin
R=  SiEt3 (87a)
R= H (70)
R= OH (88)
OPiv
L (20 mol %)
R
PhMe (0.13 M)
130 ºC, 15 h
+
Ni(COD)2 (10 mol%)
39a 86
Et3SiBpin
R=  SiEt3 (87a)
R= H (70)
R= OH (88)
OPiv
PCy3 (20 mol %)
R
PhMe (0.13 M)
130 ºC, 15 h
+
Ni(COD)2 (10 mol%)
additive (x mol%)
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3	 CuF2	(50%)	 93	 67	(73)a	 5	 3	
4	 CuF2	(100%)	 76	 65	 0	 0	
5	 CsF	(30%)	 76	 44	 6	 5	
6	 CsF	(100%)	 80	 57	 8	 3	
7	 MgF2	(30	%)	 52	 33	 4	 3	
8	 AgF	(30%)	 65	 56	 5	 3	
9	 AgF	(100%)	 79	 59	 4	 0	
10	 KF	(30%)	 58	 24	 7	 5	
11	 FeF3	(30%)	 48	 19	 4	 0	
12	 ZnF2	(30%)	 53	 24	 5	 3	
	
39a	(0.25	mmol),	86a	(0.3	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	additive	(0.10	–	0.25	
mmol),	PhMe	(2.0	mL),	50	–	130	ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	a	Isolated	
yield.	
	
Table	2.3.	Screening	of	fluoride	additives.	
	
The	 effect	 of	 the	 solvent	 in	 our	 silylative	 transformation	 was	 also	 investigated.	 As	 expected	
according	 to	 previous	methodologies	 non-polar	 and	 non-coordinating	 solvents	were	more	 efficient	
(Table	2.4,	entries	1	–	8),	getting	the	highest	yield	of	the	silylated	product	when	toluene	was	used.	An	
increase	in	the	coordinating	character	of	the	solvent	considerably	compromise	the	yield	(entry	9	-	11)	
likely	due	to	Ni(0)	species	poissoning.		
	
	
Entry	 Solvent	 Conv.	(%)	 87a	(%)	 70	(%)	 88	(%)	
1	 PhMe	 93	 67	(73)a	 6	 0	
2b	 PhMe	 90	 81	(79)a	 8	 0	
3	 1,4-dioxane	 75	 62	 4	 0	
4	 dioxane	/	PhMe	(1:1)	
(1:1)	PhMe	
88	 70	 5	 0	
5	 o-xylene	 70	 49	 6	 0	
6	 cyclohexane	 58	 24	 7	 5	
7	 nhexanes	 79	 50	 7	 0	
8	 nBu2O	 50	 40	 7	 0	
9	 THF	 88	 58	 4	 0	
10	 DME	 11	 4	 13	 0	
11	 DMF	 39	 15	 6	 0	
	
39a	(0.25	mmol),	86a	(0.3	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	additive	(0.10	–	0.25	
mmol),	PhMe	(2.0	mL),	50	–	130	ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	a	Isolated	
yield.	b	Reaction	conducted	at	110	ºC.	
	
Table	2.4.	Screening	of	solvents.	
	
39a 86
Et3SiBpin
R=  SiEt3 (87a)
R= H (70)
R= OH (88)
OPiv
PCy3 (20 mol %)
R
solvent (0.13 M)
130 ºC, 15 h
+
Ni(COD)2 (10 mol%)
CuF2 (50 mol%)
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Considering	the	positive	influence	on	reactivity	when	using	CuF2	as	co-catalyst	as	well	as	the	known	
synergistic	effect	of	Cu	salts	and	fluoride	ions,81	we	decided	to	study	the	cooperative	outcome	of	both	
additives	 in	 our	 silylation	 reaction	 (Table	 2.5).	 It	was	 found	 that	 the	 addition	 of	 CsF	 (1.0	 equiv.)	 in	
combination	 with	 CuF2	 (30	 mol%)	 quantitatively	 increase	 the	 formation	 of	 87a	 while	 allowing	 to	
decrease	the	temperature	(entry	4	vs.	5).	In	particular,	the	silylated	product	was	isolated	in	90%	yield	
when	the	reaction	was	run	at	50	ºC,	surprisingly	mild	conditions	as	the	vast	majority	of	protocols	for	
the	activation	of	aryl	esters	required	rather	high	temperatures	 (80	–	150	 ºC).78	A	slight	decrease	on	
the	loadings	of	either	CuF2	or	CsF	affected	the	reactivity	(entries	6	and	7).Noteworthy,	the	use	of	less	
soluble	(entry	8)	or	more	soluble	fluoride	salts	(entries	9	and	10)	had	a	deleterious	effect,	suggesting	
that	 the	 amount	 of	 fluoride	 in	 solution	and/or	 the	nature	of	 countercation	had	 a	 direct	 impact	 on	
reactivity.82	Furthermore,	other	Cu(II)	or	Cu(I)	(entries	11-18).	These	results	together	with	the	results	
shown	in	entries	8	–	10	indicate	a	unique	cooperativity	between	CuF2	and	CsF	while	suggesting	that	
CuF2	does	not	simply	act	as	a	more	soluble	fluoride	source.	The	oxidation	state	and	the	counterion	of	
the	copper	co-catalyst	were	also	found	to	be	important,	yet	critical,	factors	in	reactivity	(entries	14	–	
22).	 Despite	 Cu(I)	 catalyst/nucleophiles	 systems	 are	 generally	 employed	 in	 order	 to	 form	 Cu(I)silyl	
species	forom	silylboronic	compounds	(Scheme	2.8,	path	e),	Cu(I)	salts	were	completely	ineffective	in	
our	 methodology	 (entry	 21	 and	 22).	 Although	 only	 one	 Ni	 catalyst	 turnover	 was	 observed	 when	
[CuF(PPh3)3]	 was	 used	 (entry	 22),83	this	 result	 cannot	 completely	 rule	 out	 the	 intermediacy	 of	
[Cu(I)FLn]	species	since	catalytically	 inactive	[Ni(0)(PPh3)Ln]	could	be	also	generated	(Table	2.1,	entry	
7).		
	
	
                                                
81	(a)	Mee,	P.	H.;	Lee,	V.;	Baldwin,	J.	E.	Angew.	Chem.	Int.	Ed.	2004,	43,	1132.	(b)	Cirriez,	V.;	Rasson,	C.;	Riant,	O.	Adv.	
Synth.	Catal.	2013,	355,	3137.	(c)	Ichiishi,	N.;	Canty,	A.	J.;	Yates,	V.	F.;	Sanford,	M.	S.	Organometallics	2014,	33,	5525.	(d)	
Nishikata,	T.;	Ishida,	S.;	Fujimoto,	R.	Angew.	Chem.	Int.	Ed.	2016,	55,	10008.	
82	In	addition,	ammonium	countercation	may	cause	catalyst	poissoning	(entries	9	and	10).	
83	Cu(I)F	does	not	exist	in	its	pure	form.	
Entry	 T	(ºC)	 A	I	 A	II	 Conv.	(%)	 87a	(%)	 70	(%)	 88	(%)	
1a	 110	 CuF2	 -	 90	 81	(79)b	 8	 0	
2	 110	 CuF2	 -	 74	 56	 1	 0	
3	 110	 CuF2	 CsF	 100	 88	(85)b	 0	 0	
4	 50	 CuF2	 CsF	 100	 94	(90)b	 0	 0	
5c	 50	 CuF2	 CsF	 100	 67	 4	 0	
6d	 50	 CuF2	 CsF	 85	 84	(79)b	 0	 0	
7	 50	 CuF2	 -	 29	 24	 2	 1	
8e	 50	 CuF2	 -	 100	 86	(75)b	 4	 0	
9	 50	 -	 CsF	 100	 61	 0	 0	
10d	 50	 -	 CsF	 87	 52	 0	 0	
11	 50	 CuF2	 KF	 27	 24	 0	 2	
12	 50	 CuF2	 TBAF	 27	 0	 0	 0	
13	 50	 CuF2	 TBAT	 21	 0	 0	 0	
14	 50	 CuBr2	 CsF	 4	 0	 0	 0	
15	 110	 CuCl2	 CsF	 25	 0	 0	 0	
16	 110	 Cu(OTf)2	 CsF	 42	 4	 15	 0	
39a 86
Et3SiBpin
R=  SiEt3 (87a)
R= H (70)
R= OH (88)
OPiv
PCy3 (20 mol %)
R
PhMe (0.13 M), 50 - 110 ºC, 15 h
+
Ni(COD)2 (10 mol%)
additive I (30 mol%)
additive II (1.0 equiv.)
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39a	(0.25	mmol),	86	(0.3	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	additive	I	(30	mol%),	additive	II	
(0.25	mmol),	toluene	(2	mL),	50	-	110	ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	a	CuF2	(50	
mol%).	 b	 Isolated	 yield.	 c	 CuF2	 (20	 mol%).	 d	 CsF	 (50	 mol%).	 e	 CuF2	 (50	 mol%).	 TBAF	 =	 Tetra-n-
butylammonium	fluoride.	TBAT	=	Tetrabutylammonium	difluorotriphenylsilicate.	
	
	
Table	2.5.	Screening	of	additional	additives	(A	I=	Cu	catalyst;	A	II=	fluoride	salt).	
	
With	the	robust	Ni/Cu	catalytic	system	found	we	next	optimize	the	temperature	and	transformation	
of	the	silylation	protocol.	The	 lowest	optimal	temperature	was	50	ºC,	under	which	the	reaction	was	
complete	after	a	cosiderable	short	period	of	time	(2	hours).	
	
	
	
	
	
	
	
	
	
	
	
	
	
39a	(0.25	mmol),	86	(0.3	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	CuF2	(30	mol%),	CsF	(0.25	mmol),	
toluene	(2.0	mL),	rt	-	50	ºC,	2	–	15	h.a	Isolated	yield.	b	Ni(COD)2	(5	mol%),	PCy3	(10	mol%).	
	
Table	2.6.	Screening	of	temperatures	and	time.	
	
It	was	also	investigated	the	effect	of	the	C-O	leaving	group	under	the	optimized	conditions	(Table	
2.7).	2-napthyl	acetate	(89)	provided	the	silylated	product	(87a)	in	much	lower	amount	than	39a	and	
91,	likely	due	to	the	lower	leaving	group	character	of	–OCOMe	and	-OCONMe2	versus	-OCOtBu	(entry	
1	vs.	2	and	3).	As	one	may	expected,	more	energetically	demanding	C(sp2)-OR	(R	=	Me,	H)	bond	were	
not	silylated	under	our	reaction	conditions.	When	using	napthol	(78)	as	substrate,	functionalization	of	
the	weak	O-H	bond	took	place	as	quantitative	formation	of	92	and	93	was	detected	via	GC-MS	(Gas	
Chromatography–Mass	Spectrometry)	analysis	of	the	reaction	crude.	
	
	
Entry	 OR	 Product	(%)	
1	 OPiv	(39a)	 87a	(90)a	
17	 50	 CuSO4	 -	 34	 15	 0	 2	
18	 50	 CuSO4	 CsF	 37	 20	 0	 0	
19	 110	 Cu(OPiv)2	 -	 22	 3	 0	 0	
20	 110	 Cu(OPiv)2	 CsF	 21	 15	 0	 0	
22	 50	 CuI	 CsF	 5	 0	 0	 0	
23	 51	 CuF(PPh3)2	 CsF	 15	 10	 0	 0	
Entry	 T	(ºC)	 time	 Conv.	(%)	 87a	(%)	 70	(%)	 88	(%)	
1	 110	 15	 100	 88	(85)a	 0	 0	
2	 50	 15	 100	 94	(90)a	 7	 3	
3	 50	 2	 100	 94	(90)a	 0	 0	
4b	 50	 2	 76	 59	 0	 0	
5	 rt	 15	 25	 63	 0	 0	
86
Et3SiBpin
R=  SiEt3 (87)
R= OSiEt3 (92)
R= OBpin (93)
OR
PCy3 (20 mol %)
R
PhMe (0.13 M)
+
Ni(COD)2 (10 mol%)
CuF2 (30 mol%), CsF (1.0 equiv.)
50 ºC, 15 h
39a 86
Et3SiBpin
R=  SiEt3 (87)
R= H (70)
R= OH (88)
OPiv
PCy3 (20 mol %)
R
PhMe (0.13 M)
+
Ni(COD)2 (10 mol%)
CuF2 (30 mol%), CsF (1.0 equiv.)
rt - 50 ºC, 2 - 15 h
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2	 OAc	(89)	 87a	(38)a	
3	 OCONMe2	(90)	 87a	(29)a	
4	 OMe	(63a)	 NR	
5	 OH	(78)	 91	+	92b	
	
C-O	electrophile	(0.25	mmol),	2a	(0.3	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	CuF2	(30	mol%),	
CsF	(0.25	mmol),	toluene	(2.0	mL),	50	ºC,	15	h.	a	Isolated	yield.	b	92	and	93	detected	by	GC-MS	
analysis.	NR	=No	reaction.	
	
Table	2.7.	C-O	electrophiles.	
	
Finally,	 in	order	to	ensure	that	all	 the	components	 in	 the	reaction	media	are	essential,	a	series	of	
control	 experiments	were	 carried	 out	 (Table	 2.8).	 As	 expected,	 blank	 experiments	 in	which	 the	 Ni	
precatalyst	and/or	the	phosphine	ligand	were	omitted	resulted	in	no	product	formation	(entries	2	–	
4).	 Furthermore,	 when	 either	 one	 or	 both	 copper	 and	 caesium	 fluorides	 were	 not	 added	 to	 the	
reaction	media	 rather	only	one	Ni	 catalyst	 turnover	was	detected.	These	observations	 suggest	 that	
both	Ni	and	Cu	assist	the	C-O	cleavage/C-Si	formation	event.	It	should	be	noted	that	despite	the	use	
of	86	as	borylating	reagent	of	aryl	and	benzylic	C-H	bonds,64	not	even	traces	of	C-B	bond	formation	
were	detected	by	GC	analysis	during	the	optimization	of	the	reaction	conditions.	Equally	noteworthy	
was	 the	 fact	 that	 87	 was	 stable	 under	 our	 conditions	 considering	 that	 fluoride	 sources	 promoto	
desilylation	pathways.84	
	
	
Entry	 Si-B	 [Ni]	 L	 CuF2	 CsF	 87a	(%)	
1	
ü 	 ü 	 ü 	 ü 	 ü 	 90	
2	
ü 	 	 ü 	 ü 	 ü 	 0	
3	
ü 	 ü 	 	 ü 	 ü 	 0	
4	
ü 	 	 	 ü 	 ü 	 0	
5	
ü 	 ü 	 ü 	 	 	 11	
6	
ü 	 ü 	 ü 	 ü 	 	 10	
7	
ü 	 ü 	 ü 	 	 ü 	 10	
	
39a	 (0.25	mmol),	 86	 (0.3	mmol),	Ni(COD)2	 (10	mol%),	 PCy3	 (20	mol%),	 CuF2	 (30	mol%),	 CsF	 (0.25	
mmol),	toluene	(2.0	mL),	50	ºC,	15	h.	Isolated	yields.		indicates	that	no	reagent	was	added	to	the	
reaction	mixture;		indicates	that	the	reagent	was	added	to	the	reaction	mixture	
	
Table	2.8.	Blank	experiments.	
2.3.2.	Preparative	scope	
	
2.3.2.1.	Scope	of	naphthyl	esters	
	
With	 a	 robust	 set	 of	 reaction	 conditions,	 we	 next	 turned	 our	 attention	 to	 demonstrate	 the	
generality	of	our	silylation	protocol.	As	shown	in	Scheme	2.10,	the	preparative	scope	of	our	reaction	
was	largely	 insensitive	to	the	electronically	nature	of	the	aromatic	ring.	 Interestingly,	we	discovered	
                                                
84	Submission	of	87	to	catalytic	conditions	in	the	absence	of	39a	resulted	in	complete	recovery	of	the	substrate.	
39a 86
Et3SiBpin
OPiv
PCy3 (20 mol %)
SiEt3
PhMe (0.13 M)
+
Ni(COD)2 (10 mol%)
CuF2 (30 mol%), CsF (1.0 equiv.)
50 ºC, 2 h
87
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that	our	protocol	was	not	restricted	to	the	use	of	silylborane	86,	also	Suginome´s	reagent	(82)	could	
be	employed	albeit	lower	yields	were	obtained	(87aa).	This	is	likely	due	to	the	less	nucleophilicity	of	
PhMe2Si	 anion	 as	 compared	 to	 Et3Si-,	 which	 is	 a	 testament	 of	 the	 superior	 activity	 of	 86	 towards	
silylation	of	unactivated	electrophiles.		
	
	
Scheme	2.10.	Scope	of	π–extended	aryl	pivalates.	
	
The	functional	group	tolerance	of	the	method	 is	nicely	 illustrated	by	the	fact	that	ethers	(87c	and	
87d),	 esters	 (87e	 and	87f),	 silyl	 ethers	 (87g),	 and	 amides	 (87h)	were	 perfectly	 tolerated	 under	 our	
optimal	 protocol.	 It	 is	 especially	 remarkable	 the	 fact	 that	 carbonyl	 motifs,	 highly	 sensitive	 to	 be	
formally	hydrosilylated	in	the	presence	of	metal-silyl	species,	remain	untouched	under	our	catalytic	
conditions.85	As	 shown	 for	87f,	 the	 reaction	was	not	 seriously	hampered	by	 the	presence	of	ortho-
substituents,	although	slightly	higher	temperatures	were	required	in	this	case.	While	C(sp2)–F	bonds	
have	 been	 proved	 to	 be	 cleave	 via	 oxidative	 addition	 to	 [Ni(0)(PCy3)2]	 species,	we	 found	 that	 such	
motifs	 remained	 intact	 under	 our	 reaction	 conditions	 (87i).86	Similarly,	 the	 presence	 of	 nitrogen-
containing	 heterocycles	 did	 not	 interfere	 with	 the	 productive	 C–Si	 bond-forming	 reaction	 (87j),	
although	 it	 was	 necessary	 to	 hinder	 the	 lone	 pair	 of	 the	 nitrogen	 atom	 in	 order	 to	 avoid	 Ni(0)	
poisoning.	It	is	worth	nothing	that	any	kind	of	work-up	was	necessary	since	just	simple	evaporation	of	
the	solvent	was	 the	only	step	prior	 to	column	chromatography	purification,	 thus	greatly	simplifying	
our	methodology.		
	
2.3.2.2.	Scope	of	phenyl	esters	
	
One	 of	 the	 biggest	 objection	 of	 C–O	 bond	 functionalization	 techniques	 is	 the	 lower	 reactivity	 of	
simple	phenol	derivatives	as	compared	to	p-extended	systems.78,87	Encouraged	by	this	challenge	we	
                                                
85	For	 selected	 hydrosilylation	 reactions	 dubbing	 the	 generally	 accepted	 Chalk-Harrod	mechanism	 and	 proposing	 the	
insertion	 into	 a	 metal-silyl	 bond:	 (a)	 Schroeder,	 M.	 A.;	 Wrighton,	 M.	 S.	 J.	 Organomet.	 Chem.	 1977,	 128,	 345.	 (b)	
Mitchener,	J.	C.;	Wrighton,	M.	S.	J.	Am.	Chem.	Soc.	1981,	103,	975.		
86	(a)	 Tobisu,	M.;	 Xu,	 T.;	 Shimasaki,	 T.;	 Chatani,	N.	 J.	 Am.Chem.	 Soc.	2011,	133,	 19505.	 (b)	 Liu,	 X.-W.;	 Echavarren,	 J.;	
Zarate,	C.;	Martin,	R.		J.	Am.	Chem.	Soc.	2015,	137,	12470.		
87	For	 selected	C-O	bond-cleavage	protocols	mainly	 limited	 to	 substrates	with	π-extended	backbones:	 (a)	 Tobisu,	M.;	
Shimasaki,	T.;	Chatani,	N.	Angew.	Chem.	Int.	Ed.	2008,	47,	4866.	(b)	Li,	B.-J.;	Li,	Y.-Z.;	Lu,	X.-Y.;	Liu,	J.;	Guan,	B.-T.;	Shi,	Z.-
J.	Angew.	Chem.	Int.	Ed.	2008,	47,	10124.	(c)	Yu,	D.-G.;	Shi,	Z.-J.	Angew.	Chem.	Int.	Ed.	2011,	50,	7097.	(d)	Taylor,	B.	L.;	
Harris,	M.	R.;	Jarvo,	E.	R.	Angew.	Chem.	Int.	Ed.	2012,	51,	7790.	(e)	Zhou,	Q.;	Srinivas,	H.	D.;	Dasgupta,	S.;	Watson,	M.	P.	
J.	Am.	Chem.	Soc.	2013,	135,	3307.		
OPiv SiEt3
87a-j
R R
39a-j (0.50 mmol), 86  (0.60 mmol), Ni(COD)2 (10 mol%), PCy3 (20 mol%),CuF2 (30 mol%), CsF (1.0 equiv.), PhMe (3.0 mL), 50 ºC, 15 h. 
Isolated yields, average of at least two independent runs. a PhMe2SiBpin (82). b 80 ºC.
SiEt3
NHPiv
CO2Me
SiEt3
SiEt3
MeO2C
SiEt3
R=Et, 90% (87a)
58% (87f)b
N
SiEt3
57% (87j)
TIPSO SiEt3
91% (87g)
Me
99% (87c)R=Me2Ph, 51% (87aa)a 86% (87e)b
SiEt3
F
85% (87i)55% (87h)
SiEt3MeO
86
Et3SiBpin
PCy3 (20 mol %)
PhMe (0.17 M), 50 ºC, 15 h
+
Ni(COD)2 (10 mol%)
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speculated	that	our	mild	Ni/Cu-catalyzed	silylation	event	could	be	extended	to	the	use	of	simpler,	yet	
challenging,	phenyl	pivalates.	This	was	indeed	the	case	as	a	broad	variety	of	phenyl	pivalates	(95a-l,	
Scheme	2.11)	 could	be	 silylated	under	otherwise	 identical	 reaction	 conditions,	which	demonstrates	
the	robustness	and	generality	of	our	protocol.	 
	
Scheme	2.11.	Scope	of	phenyl	pivalates.	
	
The	success	of	the	coupling	of	non	p–extended	systems	was	generally	independent	of	the	electronic	
effects	on	the	aryl	 ring	 (95a-f),	as	well	as	 the	monosubsitution	at	 the	ortho	position	 (95g	and	95h).	
Likewise,	 a	 number	 of	 functional	 groups	 such	 as	 trifluromethyl	 groups	 (95b),	 boronic	 esters	 (95c),	
tert-butyl	ketones	 (95d),	 tertiary	amines	 (95f),	acetals	 (95i)	and	heteroaromatics	 (95j)	could	also	be	
equally	 silylated	 in	 good	 to	 excellent	 yields.	 Additionally,	 a	 flavanone	 derivative	 could	 be	
accommodated,	although	in	moderate	yield	(95k).	
 
2.3.2.3.	Scope	of	phenyl	esters	
	
To	the	best	of	our	knowledge,	by	 the	 time	we	 initiated	our	studies,	a	protocol	 for	 forging	C(sp3)–
heteroatom	 bonds	 via	 unactivated	 benzylic	 C(sp3)–O	 bond	 cleavage	 had	 no	 precedents	 in	 the	
literature.88	However,	we	observed	that	primary	benzylic	pivalates	could	be	efficiently	cross-coupled	
under	 the	exact	 same	Ni/Cu	 catalytic	 conditions	 (Scheme	2.12).	 Importantly,	 not	only	primary	 (97a	
and	 97b),	 but	 also	 secondary	 benzylic	 pivalates	 lacking	 b–hydrogen	 atoms	 were	 silylated	 in	 good	
yields.	 	 Overall,	 we	 believe	 the	 results	 shown	 in	 Schemes	 2.10-2.11	 nicely	 illustrate	 the	 wide	
applicablity	of	our	Ni/Cu-catalyzed	C(sp2)–	and	C(sp3)–O	bond-cleavage	protocol.	
	
                                                
88	For	a	recent	review	on	C–C	bond	formation	C(sp3)–O	scission:	ref.	78d.	
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Scheme	2.12.	Scope	of	benzyl	pivalates	
	
2.3.3.4.	Unsuccessful	substrates	
	
During	 the	 study	of	 the	preparative	 substrate	 scope,	we	 found	 that	 some	 functional	groups	were	
not	 tolerated	 under	 our	 standard	 silylation	 conditions	 (Figure	 2.1).	 Specifically,	 the	 presence	 of	
unprotected	 aromatic	 alcohols	 resulted	 in	 unreacted	 starting	 material	 (20%	 conversion	 of	 98)	
together	with	C(sp2)–OPiv	reduced	product	(16%	yield).	At	present,	we	consider	that	formation	of	Ni–
hydride	species89	under	these	reaction	conditions	is	responsible	for	such	behavior.90	Furthermore,	the	
presence	of	aryl	halides	had	a	deleterious	effect	on	reactivity,	recovering	all	the	starting	material	(99-
101).	The	fact	that	the	C(sp2)–halogen	bond,	specially	C(sp2)–Br,	 remained	 intact	was	rather	striking	
considering	 the	 remarkably	 proclivity	 of	 these	 bonds	 to	 undergo	 oxidative	 addition	 to	 [Ni(0)(PR3)]	
species.91	We	tentatively	attributed	the	origin	of	this	striking	behavior	to	the	nature	of	the	phosphine	
ligand	 and	 the	 presence	 of	 a	 fluoride	 source	 as	 it	 has	 been	 reported	 in	Ni	 and	 Pd-catalyzed	 cross-
coupling	 reactions	 that	 both	 parameters	 can	 alter	 the	 oxidative	 addition	 selectivity	 for	 the	 less	
“activated”	 bond	 through	 the	 formation	 of	metallic	 ate-complexes.92	However,	 although	 under	 our	
conditions	 the	 C–OPiv	 bond	 activation	 may	 be	 favored,	 this	 would	 present	 a	 high	 or	 reversible	
activation	barrier,	which	would	explain	the	negligible	conversion	observed.	
	
                                                
89	Phenolic	hydrogen	atom	may	act	as	hydride	source	to	form	Ni–H	intermediates.	
90	Tobisu,	M.;	Yamakawa,	K.;	Shimasaki,	T.;	Chatani,	N.	Chem.	Commun.	2011,	47,	2946.	
91	Li,	Z.;	Zhang,	S.-L.;	Fu,	Y.;	Guo,	Q.-X.;	Liu,	L.	J.	Am.	Chem.	Soc.	2009,	131,	8815.	
92	(a)	Littke,	A.	F.;	Dai,	C.;	Fu,	G.	C.	J.	Am.	Chem.	Soc.	2000,	122,	4020.	(b)	Hatakeyama,	T.;	Hashimoto,	S.;	 Ishizuka,	K.;	
Nakamura,	M.	J.	Am.	Chem.	Soc.	2009,	131,	11949.	(c)	Proutiere,	F.;	Schoenebeck,	F.	Angew.	Chem.	Int.	Ed.	2011,	50,	
8192.	(d)	Ackerman,	L.	K.	G.;	Lovell,	M.	M.;	Weix,	D.	J.	Nature	2015,	454,	524.		
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Figure	2.1.	Unproductive	ipso-silylation	of	aryl	pivalates.		
	
Not	surprisingly,	the	presence	of	strong	nitrogen	donors	shutted	down	the	reactivity	indicating	that	
such	 motifs	 compete	 with	 PCy3	 for	 Ni	 binding	 (103-107).	 As	 expected,	 C(sp2)–S	 bonds	 were	 also	
incompatible	with	our	silylative	conditions	(108),	 likely	due	these	bonds	are	more	activated	towards	
oxidative	addition	than	C(sp2)–OPiv	bonds.93	Likewise,	aryl	pivalates	bearing	conjugated	double	bonds	
such	 (109)	 afforded	unreacted	 starting	material	 along	with	 reduced	 styrene	motif,	which	may	 take	
place	via	the	formation	of	Ni–hydride	species.94	The	formation	Ni–H	intermediates	may	also	explain	
that	 ipso-silylated	 product	with	 the	 isomerized	 double	 bond	 to	 the	more	 stable	 conjugated	 alkene	
was	 obtained	when	110	was	 submitted	 to	 our	 catalytic	 conditions.	 Both	 reactivities	 observed	with	
both	 109	 and	 110	 substrates	 could	 also	 be	 explained	 on	 basis	 of	 the	 silylcupration	 double	 bond	
through	 the	 formation	of	 silylcopper	 species.95	Likewise,	 nitro	 groups	were	partially	 reduced	 to	 the	
primary	amine	derivatives	 (102).	 It	was	also	 found	 that	 considerably	hindered	 substrates	 (111-112)	
could	 not	 be	 coupled,	 an	 observation	 that	 is	 in	 analogy	 with	 other	 reactions	 catalyzed	 by	 Cu	
complexes.96	Silylation	 of	 C(sp3)–O	 bond	 in	 benzylic	 systems	 with	 b–hydrogens	 competes	 with	 b–
hydride	elimination	as	it	could	be	deduced	from	the	detection	of	both	silylated	product	and	styrenyl-
type	product	in	the	reaction	crude.97	
                                                
93	Dürr,	A.	B.;	Yin,	G.;	Kalvet,	I.;	Napoly,	F.;	Schoenebeck,	F.	Chem.	Sci.	2016,	7,	1076.		
94	Solvent,	ligands,	or	aromatic	protons	could	act	as	hydride	source.	
95	(a)	Calderone,	J.	A.;	Santos,	W.	L.	Org.	Lett.	2012,	14,	2090.	(b)	Calderone,	J.	A.;	Santos,	W.	L.	Angew.	Chem.	Int.	Ed.	
2014,	53,	4154.	(c)	Pashikanti,	S.;	Calderone,	J.	A.;	Nguyen,	M.	K.;	Sibley,	C.	D.;	Santos,	W.	L.	Org.	Lett.	2016,	18,	2443.		
96	For	a	selected	rewiev,	see:	Ley,	S.	V.;	Thomas,	A.	W.	Angew.	Chem.	Int.	Ed.	2003,	42,	5400.	
97	Detection	 by	 GC-MS	 analysis.	 Both	 products	 have	 similar	 polarities,	 which	 precluded	 their	 isolation	 by	 column	
chromatography	techniques.	
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Figure	2.2.	Low	reactive	aryl	pivalates.		
	
A	 second	 set	 of	 substrates	 showed	 a	 rather	 low	 reactivity	 towards	 Ni/Cu-catalyzed	 C–OPiv	 bond	
silylation.	Aromatic	methyl	 ketones	 (114)	had	a	detrimental	effect	on	yield	 likely	due	 to	 the	partial	
incompatibility	of	our	conditions	with	acidic	hydrogens	alpha	 to	a	carbonyl	moiety.	Less	conjugated	
heteroaromatic	rings,	compared	to	the	dibenzo	derivatives,	presented	a	very	low	reactivity	(115-116).	
Moreover,	 vinylic,	 homobenzylic,	 or	 propargylic	 pivalates	 provided	 negligible	 yield	 of	 the	 silylated	
products	 due	 to	 the	 lower	 reactivity	 of	 this	 systems	 under	 our	 silylative	 conditions	 (117-119).	 In	
contrast	to	97b,	benzylic	pivalates	bearing	an	electron-donating	group	at	para	position	to	the	reactive	
site	provided	a	comparatively	lower	yield	due	to	the	inactivating	effect	of	this	substitution.	Silylation	
of	 estrone	 and	 estradiol	 derivatives	 (121-123)	 also	 failed,	 although	 the	 reason	 of	 why	 this	
polycondensated	structures	may	affect	so	strongly	the	reactivity	is	beyond	our	reasoning.	
	
2.3.3.	Applications	of	triethyl(aryl)silanes	
	
2.3.2.1.	Ni/Cu-Catalyzed	silylation	of	C–O	bonds	as	platform	to	ipso-halogenation	
	
In	order	to	demonstrate	the	applicability	of	our	ipso	Ni/Cu-catalyzed	silylation	of	aryl	and	benzyl	pivalates	as	a	platform	
for	molecular	diversity,	we	investigate	the	potential	transformations	of	the	obtained	silylated	products.	
 
 
Scheme	2.13.	Ipso-halogenation	of	phenol	derivatives	via	Ni/Cu-catalyzed	C(sp2)–O	silylation	
	
Aryl	halides	are	not	only	essential	synthetic	intermediates,	particularly	in	cross-coupling	reactions,98		
but	also	they	are	presented	in	a	large	number	of	naturally-occurring	molecules	and	synthetic	drugs,99	
                                                
98	(a)	Miyaura,	N.	Cross-coupling	reactions.	A	practical	guide.	Berlin:	Springer-Verlag;	2002.	(b)	de	Mejeire,	A.;	Diedrich,	
F.	Metal-catalyzed	 cross-coupling	 reactions.	 2nd	 ed.	 Weinheim,	 Germany:	 Wiley-VCH;	 2004.	 (c)	 Tsuji,	 J.	 Palladium	
reagents	and	catalysts:	New	perspectives	for	the	21st	century.	2nd	ed.	New	York,	NY:Wiley-VCH;	2004.	(d)	Nicolaou,	K.	
C.;	Bulger,	P.	H.;	Sarlah,	D.	Angew.	Chem.	Int.	Ed.	2005,	44,	4442.	
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having	been	shown	that	the	presence	of	halogens	is	an	important,	if	not	critical,	factor	for	biological	
activity.100	However,	 the	 development	 of	 a	 mild,	 modular	 and	 general	 halogenation	 reaction	 for	
introducing	all	halogen	series	 from	a	common	precursor	 in	a	 completely	 regioselective	manner	 still	
constitutes	 a	 formidable	 quest	 for	 organic	 chemists.101	Having	 on	mind	 the	 powerful,	 yet	 practical,	
alternative	 for	preparing	aryl	 halides	 via	 a	halo-desilylation	pathway,	we	envisioned	 that	 a	one-pot	
silylation/halogenation	 of	 simple	 and	 readily	 available	 aryl	 esters	 would	 represent	 a	 new	 general	
method	 en	 route	 to	 aryl	 halides	 (Scheme	 2.13).	 This	 method	 would	 be	 complementary	 to	 other	
existing	 halogenation	 methodologies	 and	 would	 be	 characterized	 by	 its	 mild	 conditions	 and	 wide	
substrate	scope,	being	particularly	useful	for	late-stage	diversification.		
	
	
Scheme	2.14.	Halogenation	of	87a	with	NXS	(X	=	I,	Br,	Cl).	
	
Although	more	studies	are	needed	in	order	to	explore	the	viability	of	the	one-pot	transformation,	
we	preliminary	found	that	the	arylsilanes	synthesized	through	our	method	could	be	easily	converted	
to	 the	 corresponding	 aryl	 halide	 via	 a	 halo-induced	 desilylation	 reaction.	 Thus,	 we	 were	 able	 to	
rapidly	 convert	 87a	 into	 the	 corresponding	 2-naphthyl	 iodide,	 2-naphthyl	 bromide	 or	 2-naphthyl	
chloride	in	excellent	to	moderate	yields	(Scheme	2.14).		
	
2.3.2.1.	Ni/Cu-Catalyzed	silylation	of	C–O	bonds	as	platform	to	biaryl	compounds	
	
Arylsilanes	can	be	also	used	as	efficient	precursor	of	biaryl	moieties	via	 transition	metal-catalyzed	
cross-coupling	 C-halogen14	 or	 C-H25	 bond	 functionalizations.	 Similarly,	 we	 showed	 that	 95a	
participate	 in	 a	 b-selective	 oxidative	 C-H	 bond-functionalization	 event	 when	 coupled	 with	
benzothiophene	 under	 Pd-catalyzed	 conditions	 (Scheme	 2.15).25a	 This	 transformation	 show	 the	
potential	utility	of	our	methodology	as	a	 technique	 for	obtaining	highly	useful	biaryl	 scaffolds	 from	
simple	phenol	derivatives.		
	
	
	
	
	
	
	
                                                                                                                                      
99	(a)	Gribble,	G.	W.	Acc.	Chem.	Res.	1998,	31,	141.	(b)	Gribble,	G.	W.	Chem.	Soc.	Rev.	1999,	28,	335.	(c)	Gribble,	G.	W.	
Chemosphere	2003,	52,	289.	(d)	Gribble,	G.	W.	Journal	of	Chemical	Education	2004,	81,	1441.	
100	Laus,	G.	Studies	in	Natural	Products	Chemistry	2001,	25,	757.	
101	Traditional	 halogenation	 methods	 (direct	 electrophilic	 aromatic	 halogenation	 or	 Sandmeyer-Schiemann	 reaction)	
generally	 requires	 harsh	 reaction	 conditions	 and	 provide	 low	 yields	 and/or	 regioselectivities.	 Direct	 halogenation	 of	
hydroxyarenes	using	phosphorus	reagents	also	required	harsh	conditions,	thus	providing	 limited	applicability	and	 low	
control	 and	 safety	 in	 large-scale	 applications	 (Sasson,	 Y.	 Formation	 of	 Carbon–Halogen	 Bonds	 (Cl,	 Br,	 I).	 In	 Patai's	
Chemistry	 of	 Functional	 Groups.Wiley-VCH:	 Weinheim,	 2009).	 Recent	 methodologies	 for	 metal	 catalyzed	 C–H	 bond	
halogenation	 are	 often	 carried	 out	 at	 high	 temperatures	 and	 required	 the	 assistance	 of	 directing	 groups	 since	 the	
control	of	selectivity	still	represents	a	major	concern	(Petrone,	D.	A.;	Ye,	J.;	Lautens,	M.	Chem.	Rev.	2016,	116,	8003).	
SiEt3
AcCN (0.1 M), rt, 24 h
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Scheme	2.15.	Pd-Catalyzed	β-Selective	Direct	C–H	Bond	Arylation	of	Benzotiophene	with	95a.	
	
2.3.4.	Mechanistic	Proposal	
	
Although	further	experimental	and	computational	studies	are	currently	ongoing	in	our	laboratories	
in	order	to	draw	a	detailed	mechanistic	scenario,	we	tentatively	propose	a	scenario	consisting	of	two	
catalytic	cycles	(Scheme	2.16).	Based	on	the	multiple	calculations102	and	experimental103	evidences	of	
the	oxidative	addition	of	Ar–OPiv	bonds	to	Ni(0)–phosphine	species	we	invoke	a	Ni(0)/Ni(II)	catalytic	
cycle	 consisting	 on	 the	 three	 “classical”	 elementary	 steps:	 oxidative	 addition,	 transmetalation,	 and	
reductive	elimination	 (Ni	cycle).	The	thus	 favored	 initial	oxidative	addition	may	be	preceded	from	a	
h2-complexation	between	Ni(0)	species	(I)	and	the	aryl	pivalate.	The	following	transmetalation	of	the	
silyl	residue	to	oxidative	addition	complex	(XLVII)	might	furnish	silyl-containing	intermediate	(XLVIII),	
which	would	reductively	eliminate	furnishing	the	desired	silylated	product	while	generating	back	the	
active	Ni(0)	species	(I).	
	
According	 to	Liu´s	 studies,101a	oxidative	addition	of	 the	Caryl–O	bond	 to	Ni(0)–phosphine	 species	 is	
energetically	 more	 favoured	 through	 mono-phosphine	 species.	 Considering	 the	 bulkiness	 of	 the	
ligand	employed	 in	our	 silylation	 (PCy3)	we	also	 favored	a	mono-ligated	pathway.	Attemps	 towards	
the	 isolation	of	 the	oxidative	 addition	 complex	 (XLVII)	 failed.104	Therefore,	 at	 this	 stage,	we	 cannot	
propose	 an	 exact	 structure	 of	 the	 complex	 resulting	 from	 oxidative	 addition	 (XLVII)	 since	 the	 Ni	
center	 might	 be	 ligated	 to	 either	 one	 or	 two	 phosphines	 and	 the	 carboxylate	 ligand	 could	 be	
coordinated	to	the	metal	by	a	monodentate105	or	bidentate	(k2)106	fashion.		
                                                
102	For	computational	studies	on	C–O	cleavage	of	aryl	carboxylates:	(a)	Li,	Z.;	Zhang,	S.-L.;	Fu,	Y.;	Guo,	Q.-X.;	Liu,	L.	J.	Am.	
Chem.	Soc.	2009,	131,	8815.	(b)	Yoshikai,	N.;	Matsuda,	H.;	Nakamura,	E.	J.	Am.	Chem.	Soc.	2009,	131,	9590.	(c)	Hong,	X.,	
Liang,	Y.;	Houk,	K.	N.	J.	Am.	Chem.	Soc.	2014,	136,	2017.	(d)	Lu,	Q.;	Yu,	H.;	Fu,	Y.	J.	Am.	Chem.	Soc.	2014,	136,	8252.	(e)	
Xu,	H.;	Muto,	K.;	Yamaguchi,	J.;	Zhao,	C.;	Itami,	K.;	Musaev,	D.	G.	J.	Am.	Chem.	Soc.	2014,	136,	14834.	(f)	Dürr,	A.	B.;	Yin,	
G.;	Kalvet,	I.;	Napoly,	F.;	Schoenebeck,	F.	Chem.	Sci.	2016,	7,	1076.	
103	Muto,	K.;	Yamaguchi,	J.;	Itami,	K.	J.	Am.	Chem.	Soc.	2012,	134,	169.	
104	Ni(II)	Complex	resulting	from	the	stoichiometric	reaction	of	2-naphthyl	pivalate	with	Ni(COD)2	(1	equiv.)	and	PCy3	(2	
equiv)	decomposes	to	2,2´-binaphthyl	likely	via	a	disproportionation	pathway:	Muto,	K.;	Yamaguchi,	J.;	Lei,	A.;	Itami,	K.	
J.	Am.	Chem.	Soc.	2013,	135,	16384.	
105	X-ray	 analysis	 of	s–naphthyl(dcype)nickel	 pivalate	 complex	 confirmed	 a	monodentate	 coordination	of	 the	 pivaloy	
ligand:	Muto,	K.;	Yamaguchi,	J.;	Lei,	A.;	Itami,	K.	J.	Am.	Chem.	Soc.	2013,	135,	16384.	
106	This	 type	 of	 coordination	 have	 been	 demonstrated	 by	 31P	 NMR	 spectroscopy	 of	 otherwise	 synthesized	 s–
tolylbis(triphenylphosphine)nickel	carboxylate	complexes:	Kravtsov,	D.	W.;	Drogunova,	G.	I.;	Isaeva,	L.	S.;	Petrovskii,	P.	
V.	Bulletin	of	the	Academy	of	Sciences	of	the	USSR	Division	of	Chemical	Science	1988,	897.	
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Scheme	2.16.	Plausible	mechanistic	scenario.	
	
We	 propose	 that	 Cu	 species	 participate	 in	 a	 supporting	 catalytic	 cycle	 (Cu	 cycle)	 involved	 in	 the	
activation	 of	 the	 Si–B	 bond	 to	 generate	 Cu–silyl	 intermediates	 (XLXIX),	 which	 may	 favor	 the	
transmetalation	of	the	silyl	moiety	to	the	contiguous	Ni	cycle.	However,	how	the	Cu	cycle	operates	is	
not	 so	 trivial	 at	 first	 sight	 and	 several	 possibilities	may	be	proposed	 (Scheme	2.17).	 The	 Si–B	bond	
could	be	firstly	cleaved	with	CsF	via	fluoride	attack	to	the	more	Lewis	acidic	boron	atom	(Cu	cycle	A).	
This	 activation	 mode	 via	 nucleophilic	 attack	 has	 been	 generally	 observed	 with	 either	 alkoxides	 or	
carbanions,66,69	 however	 fluoride	 sources	 have	 not	 commonly	 been	 used	 for	 these	 purposes.107	On	
the	 other	 hand,	 it	 has	 been	 demonstrated	 that	 fluoride	 anions	 can	 activate	 related	 (OR)2B–B(OR)2	
bonds	 forming	 the	 corresponding	B(sp3)	 adduct	 that	 serve	as	 source	of	boryl	 anion.108	Therefore,	 if	
applicable,	 the	 thus	 formed	 adduct	 L	 would	 release	 the	 corresponding	 silyl	 anion,	 which	 in	 the	
presence	of	 CuF2	may	 generate	nucleophilic	 silylcopper	 species	 (LI).	 This	 Cu(II)–silyl	 complex	would	
transmetalate	more	easily	the	silicon	nucleophile	to	the	Ni	catalytic	cycle.109		
 	
                                                
107	Fort	he	only	example	found	in	literature	of	Si–B	bond	activation	with	CsF:	Mita,	T.;	Chen,	J.;	Sugawara,	M.;	Sato,	Y.	
Org.	Lett.	2012,	14,	6202.		
108	(a)	Pietsch,	S.;	Neeve,	E.	C.;	Apperley,	D.	C.;	Bertermann,	R.;	Mo,	F.;	Qiu.	D.;	Cheung,	M.	S.;	Dang,	Li.;	Wang,	J.;Radius,	
U.;	Lin,	Z.;	Kleeberg,	C.;	Marder,	T.	B.	Chem.	Eur.	J.	2015,	21,	7082.	
109	This	 proposal	 is	 consistent	 with	 the	 fact	 that	 CuF2	 and	 CsF	 are	 used	 in	 catalytic	 and	 stoichiometric	 amounts,	
respectively.	
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Scheme	2.17.	Plausible	Cu	catalytic	cycles.	
	
The	unique	reactivity	of	CuF2	as	compared	to	other	Cu(II)	sources	(Table	2.5)	may	suggest	that	the	
fluoride	 ligands	 may	 play	 a	 non-innocent	 role.	 Accordingly,	 a	 direct	 transmetalation	 between	
silylborane	 (86)	and	CuF2	may	 form	[FCu(II)SiR3]	 (LII)	and	FBpin	 (130)	 (Cu	cycle	B).	LII	would	release	
the	 silyl	 anion	 to	 the	 Ni	 cycle	 while	 CsF	 would	 generate	 back	 the	 active	 CuF2	 catalyst.109	 This	
assumption	 is	 in	 line	 with	 Stahl	 proposed	 transmetalation	 of	 an	 aryl	 group	 from	 a	 B	 atom	 to	
Cu(OAc)2,110	and	 explain	 why	 Cu(II)	 sources	 that	 easily	 transmetalate	 with	 boron	 species	 via	 the	
formation	of	 highly	 stable	B–F	or	B–O	bonds	 (CuF2,	 Cu2SO4,	 Cu(OTf)2)	 exclusively	 provided	 silylated	
product	 (Table	2.5).	The	fact	 that	both	CuF2	and	CsF	may	act	as	 fluoride	sources	could	suggest	 that	
[pinBF2]-	species,	insoluble	in	non-polar	solvents,	are	formed	at	the	end	of	the	reaction,	which	would	
explain	why	FBpin	(130)	was	not	observed	in	the	reaction	crude.111		
	
It	 is	worth	noting	that	the	formation	of	Cu(II)–silyl	complexes	via	nucleophilic	Si–B	bond	activation	
with	has	already	been	proposed	by	Santos	and	coworkers	using	CuSO4.95	Nevertheless,	it	should	also	
be	noted	that	all	the	other	transformations	that	proposes	the	formation	silylcuprates	via	nucleophilic	
activation	or	direct	transmetalation	of	silylboranes	are	based	on	the	use	of	Cu(I)	species.66,81b	Indeed,	
unlike	 Cu(II)–silyl	 species,	 [(NHC)Cu(I)SiR3]	 complexes	 have	 been	 isolated	 and	 properly	
characterized.112	Furthermore,	 it	 is	 widely	 known	 that	 Cu(I)	 accelerate	 the	 transmetalation	 step	 of	
different	 cross-coupling	 reactions	via	 the	 formation	of	organocopper	 species.81a,113	 Therefore,	 as	an	
alternative	 to	 the	 formation	 of	 LI	 or	 LII,	 transmetalation	 may	 alternatively	 occur	 from	 Cu(I)–silyl	
species.	These	species	may	be	formed	via	disproportionaltion	of	Cu(II)	precatalyst	or	single	electron	
transfer	 with	 Ni(0)	 species.	 However,	 Cu(II)	 disproportionation	 generally	 requires	 the	 support	 of	
nitrogen	 ligands,113	whereas	 highly	 electronegative	 fluoride	 ligands	 make	 the	 reduction	 of	 Cu(II)	
centers	highly	unfavorable¡le	unless	harsh	reaction	conditions	are	applied.	 In	addition,	no	reactivity	
was	 observed	 when	 utilizing	 more	 reducing	 CuBr2	 or	 CuCl2	 salts,	 or	 Cu(I)	 species	 (Table	 2.5).	 All	
together	 contribute	 to	 the	 perception	 that	 Cu(I)	 species	 are	 not	 formed	 in	 our	 reaction	 media.	
However,	 at	 present	 we	 do	 not	 have	 enough	 information	 on	 hand	 to	 rule	 out	 one	 of	 the	 options	
reflected	in	Scheme	2.17.	
	
Liu´s	and	co-workers	 suggested	 that	 the	 rate-limiting	 step	 in	Suzuki-Miyaura	 type	coupling	of	aryl	
pivalates	is	the	transmetalation,	whose	energy	barrier	(+31.2	kcal/mol)	is	consistent	with	the	elevated	
reaction	temperatures	(80	–	110	ºC).101a	Therefore,	the	fact	that	transmetalation	from	Cu	species	was	
more	 facile,	 independent	 of	 the	 nature	 of	 these	 species,	 is	 in	 agreement	 with	 the	 mild	 reaction	
conditions	when	CuF2/CsF	system	was	applied	(50	ºC).	
	
According	to	Table	2.5	and	2.8,	the	transformation	also	takes	place	 in	the	absence	of	CuF2	and/or	
CsF,	albeit	in	much	lower	yields.	These	results	demonstrate	the	synergic	effect	between	CuF2	and	CsF,	
                                                
110	King,	A.	E.;	Brunold,	T.	C.;	Stahl,	S.	S.	J.	Am.	Chem.	Soc.	2009,	131,	5044.	
111	By	GC	analysis	in	EtOAc	or	NMR	spectroscopy	on	toluene-d8	or	CD2Cl2.	
112	(a)	Kleeberg,	C.;	Cheung,	M.	S.;	Lin,	Z.;	Marder,	T.	B.	J.	Am.	Chem.	Soc.	2011,	133,	19060.	(b)	Sgro,	M.	J.;	Piers,	W.	E.;	
Romero,	P.	E.	Dalton	Trans.	2015,	44,	3817.	(c)	Plotzitzka,	J.;	Kleeberg,	C.	Inorg.	Chem.	2016,	55,	4813.	
113	(a)	Ref.	81d.	(b)	Ribas,	X.;	Jackson,	D.	A.;	Donnadieu,	B.;	MahÌa,	J.;	Parella,	T.;	Xifra,	R.;	Hedman,	B.;	Hodgson,	K.	O.;	
Llobet,	A.;	Stack,	T.	D.	P.	Angew.	Chem.	Int.	Ed.	2002,	41,	2991.		
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and	suggest	that,	under	these	conditions,	reaction	could	follow	a	different	catalytic	cycle	 in	which	a	
transmetalation	event	through	σ-bond	metathesis	activates	the	Si–B	bond,	thus	delivering	the	same	
key	intermediate	XLVIII.		
	
Mechanistic	 studies	 focused	on	 the	elucidation	of	 the	structure	of	 the	oxidative	addition	complex	
(XLVI)	 as	 well	 as	 elucidation	 of	 the	 exact	 role	 of	 the	 additives	 are	 currently	 ongoing.	 In	 addition,	
experiments	 for	 ruling	 out	 the	 intermediacy	 of	 Ni(II)–F114	or	 Ni(I)80b	 are	 also	 carried	 out	 in	 our	
laboratories.	
	
2.4.	Conclusions	
	
In	 summary,	we	 have	 reported	 the	 development	 of	 a	 novel	 catalytic	 silylation	 of	 aryl	 and	 benzyl	
pivalates	 via	 C–O	 bond	 scission.65a	 The	 key	 of	 our	 methodology	 was	 the	 discovery	 of	 a	 bimetallic	
Ni(0)/CuF2	system,	which	cooperatively	activates	both	C–OPiv	and	Si–B	bonds	 in	the	presence	of	an	
external	 fluoride	 source.	 The	 found	 Ni/Cu	 cooperative	 effect	 has	 allowed	 for	 the	 activation	 of	
unactivated	C–O	bonds	under	rather	mild	conditions.	
	
The	distinguished	mild	 conditions	provided	a	wide	 substrate	 scope,	which	 is	 reflected	by	 the	 fact	
that	 highly	 sensitive	 functional	 groups	 to	 the	 presence	 of	 silyl	 anions	 (ketones	 and	 esters)	 are	
perfectly	tolerated.	In	contrast	with	previous	precedents	on	Ni-catalyzed	C–O	bond	activation,	it	was	
highly	 remarkable	 that	 our	 protocol	was	 equally	 effective	 for	 the	 silylation	 of	π–extended	 systems	
and	simple	arenes.	Additionally,	primary	and	secondary	benzylic	pivalates	could	also	be	coupled	with	
similar	 ease	 via	 activation	 of	 particularly	 elusive	 C(sp3)–O	 bonds.	 Taking	 all	 together,	 this	
transformation	 provides	 a	 direct	 access	 to	 synthetically	 versatile	 silylated	 compounds	 while	
constituting	a	potential	alternative	to	existing	methodologies	for	the	preparation	of	silicon-containing	
compounds.	
	
Preliminary	 studies	 have	 shown	 that	 the	 synthesized	 arylsilanes	 could	 be	 easily	 converted	 in	 a	
straightforward	fashion	into	the	corresponding	valuable	organic	compounds.	A	deep	understanding	of	
the	mechanism	of	this	intriguing	transformation	is	subject	of	ongoing	studies	in	our	laboratory.	
	
This	study	suggests	that	other	related	multimetallic	scenarios	might	lead	to	the	foundation	of	new	
discoveries	 within	 the	 field	 of	 Ni-catalyzed	 cleavage	 of	 unactivated	 C–O	 bonds.	 Indeed,	 a	 recently	
reported	decarbonylative	 silylation	of	aryl	esters	via	C(sp3)–O	bond	cleavage	based	on	our	 catalytic	
conditions	has	been	recently	published.65b,c	Additionally,	related	Ni/Cu	catalytic	conditions	have	been	
employed	in	the	borylation	of	related	unactivated	aryl	fluorides	using	a	similar	RBpin/CsF	system.53c	
 	
                                                
114	It	 has	 been	 propose	 that	 the	 formation	 of	 [ArPdF(PR3)]2	 species	 in	 the	 presence	 of	 fluoride	 anions	 favour	 the	
transmetalation	from	ArB(OH)2	compounds:	Amatore,	C.;	Jutand,	D.;	Le	Duc,	G.	Angew.	Chem.	Int.	Ed.	2012,	51,	1379.		
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2.5.	Experimentan	Procedure	
	
2.5.1.	General	Considerations	
	
Reagents.	Commercially	available	materials	were	used	without	further	purification.	Ni(COD)2	and	PCy3	
was	purchased	from	Strem	Chemicals.	CuF2	and	toluene	anhydrous	were	purchased	from	Alfa	Aesar.	
CsF	and	2aa	(PhMe2SiBpin)	were	purchased	from	Aldrich.	Silylborane	2a	was	prepared	according	to	a	
known	literature	procedure.115	All	other	reagents	were	purchased	from	commercial	sources	and	used	
as	received.	Flash	chromatography	was	performed	with	EM	Science	silica	gel	60	(230-400	mesh).	Thin	
layer	chromatography	was	carried	out	using	Merck	TLC	Silica	gel	60	F254.	
	
Analytical	methods.	1H	NMR,	13C	NMR	and	19F	NMR	spectra	and	melting	points	(where	applicable)	are	
included	for	all	compounds.	1H,	13C	and	19F	NMR	spectra	were	recorded	on	a	Bruker	400	and	500	MHz	
at	 20	 ºC.	 All	 1H	 NMR	 spectra	 are	 reported	 in	 parts	 per	million	 (ppm)	 downfield	 of	 TMS	 and	 were	
measured	 relative	 to	 the	 signals	 for	 CHCl3	 (7.26	 ppm).	 All	 13C	 NMR	 spectra	were	 reported	 in	 ppm	
relative	 to	 residual	 CHCl3	 (77	 ppm)	 and	were	 obtained	with	 1H	 decoupling.	 19F	 NMR	 spectra	 were	
reported	in	ppm	and	were	obtained	with	1H	decoupling.	Coupling	constants,	J,	are	reported	in	hertz.	
Melting	points	were	measured	using	open	glass	capillaries	in	a	Mettler	Toledo	MP70	apparatus.	Gas	
chromatographic	analyses	were	performed	on	Hewlett-Packard	6890	gas	chromatography	instrument	
with	a	FID	detector.	The	yields	reported	in	Tables	2-4	refer	to	isolated	yields	and	represent	an	average	
of	at	least	two	independent	runs.	The	procedures	described	in	this	section	are	representative.	Thus,	
the	yields	may	differ	slightly	from	those	given	in	Tables	2-4.	
	
2.5.2.	Optimization	Details	
	
General	procedure	for	conditions	screening.	An	oven-dried	5	mL	screw-capped	test	tube	containing	
a	stirring	bar	was	charged	with	1a	(57.1	mg,	0.25	mmol)	and	CuF2	(7.6	mg,	30	mol	%).	The	test	tube	
was	introduced	in	an	argon-filled	glovebox	where	Ni(COD)2	(6.9	mg,	10mol	%),	PCy3	(14.0	mg,	20	mol	
%),	CsF	(38.0	mg,	1.0	equiv.),	a	solution	of	2a	(72.7	mg	in	1.50	mL	toluene,	1.2	equiv.)	and	additional	
toluene	 (1.5	 mL)	 were	 then	 added	 sequentially.	 The	 tube	 with	 the	 mixture	 was	 taken	 out	 of	 the	
glovebox	and	stirred	at	50	ºC	for	2-15	h.	The	mixture	was	then	allowed	to	warm	to	room	temperature	
and	 diluted	with	 EtOAc	 (5	mL).	Next,	 decane	 (97	µL,	 0.50	mmol)	was	 added	 and	 an	 aliquot	 of	 the	
resulting	 mixture	 was	 filtered	 through	 a	 Celite®	 plug,	 eluting	 with	 additional	 EtOAc	 (10	 mL),	 and	
submitted	to	GC	analysis.	
	 	
                                                
115	Boebel,	T.	A.;	Hartwig,	J.	F.	Organometallics	2008,	27,	6013.	
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2.5.3.	Synthesis	of	Starting	Materials	
	
Aryl	pivalates	have	been	prepared	via	 the	classical	 reaction	of	 the	 free	alcohol	 in	 the	presence	of	
NEt3	 (1.20	equiv),	PivCl	 (1.20	equiv)	 in	DCM	at	r.t.	Alternatively,	aryl	pivalates	can	also	be	prepared	
under	halide-free	and	solvent-free	conditions	using	pivalic	anhydride	(1.50	equiv)	and	FeCl3	at	80	ºC.	
The	products	were	purified	by	regular	flash	chromatography	(Hexanes	/	EtOAc	mixtures).	
	
	
	
Naphthalen-2-yl	pivalate	(1a).	White	solid;	Mp	65-66	ºC	(Lit.116	66.0-66.5	ºC).	Rf	0.67	(Hex:EtOAc	4:1).	
1H	NMR	(500	MHz,	CDCl3):	δ	7.88-7.83	(m,	2H),	7.80	(dd,	J	=	8.0,	1.4	Hz,	1H),	7.53	(d,	J	=	2.1	Hz,	1H),	
7.51-7.43	 (m,	 2H),	 7.20	 (dd,	 J	 =	 8.8,	 2.3	Hz,	 1H),	 1.41	 (s,	 9H).	13C	NMR	 (126	MHz,	 CDCl3):	 δ	 177.40,	
148.92,	 133.95,	 131.52,	 129.44,	 127.90,	 127.72,	 126.63,	 125.70,	 121.31,	 118.53,	 39.30,	 27.34.	
Spectroscopic	data	for	1a	match	those	previously	reported	in	the	literature.117	
	
	
	
	
7-Methoxynaphthalen-2-yl	pivalate	(1b).	White	solid;	Mp	88-89	ºC.	Rf	0.63	(Hex:EtOAc	9:1).	1H	NMR	
(400	MHz,	CDCl3):	δ	7.75	(dd,	J	=	15.0,	8.8	Hz,	2H),	7.45	(d,	J	=	2.1	Hz,	1H),	7.18-7.03	(m,	3H),	3.90	(s,	
3H),	1.43	(s,	9H).	13C	NMR	(101	MHz,	CDCl3):	δ	177.33,	158.25,	149.55,	135.28,	129.34,	129.13,	126.96,	
118.76,	118.50,	117.54,	105.71,	55.36,	39.25,	27.30.	IR	(neat,	cm-1):	1741,	1632,	1465,	1278,	971,	946,	
762,	693.	HRMS	(APCI)	[C16H18NaO3]	(M+Na)	calcd.	281.1154,	found	281.1148.	
	
	
	
	
Naphthalen-1-yl	 pivalate	 (1c).	 Yellowish	 solid;	Mp	 41-42	 ºC.	 Rf	0.35	 (Hex:EtOAc	 4:1).	1H	NMR	 (500	
MHz,	CDCl3):	δ	8.17-7.85	(m,	2H),	7.78	(d,	J	=	8.1	Hz,	1H),	7.62-7.54	(m,	2H),	7.52	(t,	J	=	7.9	Hz,	1H),	
7.30	 (dd,	 J	 =	 7.5	 Hz,	 0.6,	 1H),	 1.58	 (s,	 9H).	 13C	 NMR	 (126	MHz,	 CDCl3):	 δ	 176.96,	 146.96,	 134.71,	
128.09,	127.11,	126.41,	126.37,	125.80,	125.44,	121.05,	117.98,	39.50,	27.41.	Spectroscopic	data	for	
1c	match	those	previously	reported	in	the	literature.118	
	 	
                                                
116	Harfenist,	M.;	Baltzly,	R.	J.	Am.	Chem.	Soc.	1947,	69,	362	
117	Chen,	C.	T.;	Kuo,	J.	H.;	Pawar,	V.	D.;	Munot,	Y.	S.;	Weng,	S.	S.;	Ku,	C.	H.;	Liu,	C.	Y.	J.	Org.	Chem		2005,	70,	1188.	
118	Quasdorf,	K.	W.;	Tian,	X.;	Garg,	N.	K.	J.	Am.	Chem.	Soc.	2008,	130,	14422.	
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4-Methoxynaphthalen-1-yl	pivalate	(1d).	Yellow	solid;	Mp	64-65	ºC.	Rf	0.40	(Hex:EtOAc	3:1).	1H	NMR	
(500	MHz,	CDCl3):	δ	8.26	(dd,	J	=	8.3,	1.4	Hz,	1H),	7.76	(dd,	J	=	8.3,	1.3	Hz,	1H),	7.55-7.46	(m,	2H),	7.09	
(d,	J	=	8.3	Hz,	1H),	6.76	(d,	J	=	8.4	Hz,	1H),	4.00	(s,	3H),	1.48	(s,	9H).	13C	NMR	(75	MHz,	CDCl3):	δ	177.52,	
153.41,	140.35,	127.81,	127.02,	126.37,	125.77,	122.55,	120.90,	117.65,	103.05,	55.86,	39.53,	27.57.	
Spectroscopic	data	for	1d	match	those	previously	reported	in	the	literature.2	
	
	
	
	
Methyl	 6-(pivaloyloxy)-2-naphthoate	 (1e).	White	 solid;	Mp	100-102	 ºC.	Rf	 0.42	 (Hex:EtOAc	9:1).	1H	
NMR	(500	MHz,	CDCl3):	8.63	(d,	J	=	1.5	Hz,	1H),	8.09	(dd,	J	=	8.6,	1.7	Hz,	1H),	7.98	(d,	J	=	8.7	Hz,	1H),	
7.85	(d,	J	=	8.6	Hz,	1H),	7.60	(d,	J	=	2.2	Hz,	1H),	7.30-	7.28	(m,	1H),	4.00	(s,	3H),	1.43	(s,	9H).	13C	NMR	
(126	MHz,	CDCl3):	δ	177.16,	167.23,	150.80,	136.23,	130.98,	130.95,	130.52,	127.95,	127.36,	126.07,	
122.25,	118.56,	52.39,	39.35,	27.29.	Spectroscopic	data	for	1e	match	those	previously	reported	in	the	
literature.4	
	
	
	
	
6-(3-fluorophenyl)naphthalen-2-yl	 pivalate	 (1f).	 White	 solid;	 Mp	 131-133	 ºC.	 Rf	 0.47	 (Hex:EtOAc	
95:5).	1H	NMR	(500	MHz,	CDCl3):	δ	8.03	(d,	J	=	1.6	Hz,	1H),	7.89	(dd,	J	=	16.0,	8.7	Hz,	2H),	7.72	(dd,	J	=	
8.6,	1.9	Hz,	1H),	7.58	(d,	J	=	2.3	Hz,	1H),	7.52-7.36	(m,	3H),	7.26	(dd,	J	=	8.8,	2.2	Hz,	1H),	7.09	(tdd,	J	=	
8.3,	2.6,	1.1	Hz,	1H),	1.45	(s,	9H).	13C	NMR	(126	MHz,	CDCl3):	δ	177.36	,	163.41	(d,	J=	245.3	Hz),	149.25	
,	143.33	(d,	J	=	7.6	Hz),	137.17	(d,	J=	2.5	Hz),	133.36	,	131.64	,	130.46	(d,	J	=	8.6	Hz),	129.79,	128.41,	
126.05,	125.96,	123.10	(d,	J=	1.3	Hz),	121.97	,	118.39	,	114.41	(d,	J=	1.3	Hz),	114.24,	39.33	,	27.34.	19F	
NMR	(471	MHz,	CDCl3):	δ	-112.94.	IR	(neat,	cm-1):	2969,	1743,	1140,	1124,	1103,	905,	876,	787,	481.	
HRMS	(ESI)	[C21H19F	NaO2]	(M+Na)	calcd.	345.1267,	found	345.1262.	
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8-(N-Methylpivalamido)naphthalen-2-yl	 pivalate	 (1g).	 White	 solid;	 Mp	 113-114	 ºC.	 Rf	 0.67	
(Hex:EtOAc	3:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.83	(dd,	J	=	11.9,	8.2	Hz,	2H),	7.71-7.63	(m,	2H),	7.45-
7.39	 (m,	 2H),	 7.19	 (dd,	 J	 =	 8.8,	 2.2	Hz,	 1H),	 1.41	 (s,	 9H),	 1.41	 (s,	 9H).	13C	NMR	 (126	MHz,	 CDCl3):	 δ	
177.42,	 177.29,	 149.43,	 132.38,	 132.10,	 130.33,	 128.50,	 125.84,	 125.53,	 122.53,	 121.33,	 111.88,	
39.89,	 39.32,	 27.89,	 27.28.	 IR	 (neat,	 cm-1):	 3257,	 2954,	 1744,	 1527,	 1158,	 1114,	 806.	 	 HRMS	 (ESI)	
[C20H24NO3]	(M-H)	calcd.	326.1756,	found	326.1770.	
	
	
	
	
	
Methyl	 3-(pivaloyloxy)-2-naphthoate	 (1h).	White	 solid;	Mp	 91-92	 ºC.	 Rf	 0.50	 (Hex:EtOAc	 99:1).	1H	
NMR	 (400	MHz,	CDCl3):	δ	8.56	 (s,	1H),	7.89(d,	1H),	7.77	 (d,	1H),	7.54	 (ddd,	 J	 =	8.2,	6.8,	1.3	Hz,	1H),	
7.51-7.44	 (m,	 2H),	 3.91	 (s,	 3H),	 1.47	 (s,	 9H).	13C	 NMR	 (101	MHz,	 CDCl3):	 δ	 177.36,	 165.16,	 146.98,	
135.55,	133.48,	130.54,	128.95,	128.73,	127.12,	126.41,	122.63,	120.77,	52.18,	39.13,	27.31.	IR	(neat,	
cm-1):	 1808,1724,	 1468,	 1223,	 1040,	 932,	 755.	 HRMS	 (ESI)	 [C17H18NaO4]	 (M+Na)	 calcd.	 309.1097,	
found	309.1100.		
	
	
	
7-((triisopropylsilyl)oxy)naphthalen-2-yl	 pivalate	 (1i).	 Yellow	 oil.	 Rf	 0.64	 (Hex:EtOAc	 8:1).	 1H	 NMR	
(500	MHz,	CDCl3):	δ	7.73	(dd,	J	=	23.5,	8.8	Hz,	2H),	7.37	(d,	J	=	2.3	Hz,	1H),	7.17	(d,	J	=	2.4	Hz,	1H),	7.10	
(dd,	J	=	8.7,	2.3	Hz,	1H),	7.03	(dd,	J	=	8.8,	2.2	Hz,	1H),	1.40	(s,	9H),	1.35-1.28	(m,	3H),	1.13	(d,	J	=	7.4	Hz,	
18H).	13C	NMR	 (126	MHz,	 CDCl3):	 δ	177.43,	 154.65,	 149.35,	 135.37,	 129.31,	 129.14,	 127.17,	 121.94,	
118.89,	 117.31,	 114.35,	 39.29,	 27.34,	 18.10,	 12.87.	 IR	 (neat,	 cm-1):	 2944,	 2867,	 1752,	 1460,	 1253,	
1143,	1105,	880,	666.	HRMS	(ESI)	[C24H36Na	O3Si]	(M+Na)	calcd.	423.2331,	found	423.2317.	
	
	
	
	
2-Methylquinolin-4-yl	pivalate	(1j).	White	solid;	Mp	157-159	ºC.	Rf	0.66	(Hex:EtOAc	2:1).	1H	NMR	(500	
MHz,	CDCl3):	δ	8.11-7.98	(m,	1H),	7.86	(dd,	J	=	8.4,	1.4	Hz,	1H),	7.70	(ddd,	J	=	8.4,	6.8,	1.3	Hz,	1H),	7.50	
(ddd,	 J	 =	 8.2,	 6.9,	 1.2	Hz,	 1H),	 7.26	 (s,	 1H),	 2.75	 (s,	 3H),	 1.49	 (s,	 9H).	 13C	NMR	 (126	MHz,	CDCl3):	 δ	
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176.00,	159.97,	154.64,	149.63,	130.14,	128.87,	126.13,	121.08,	121.00,	113.67,	39.92,	27.39,	25.69.	
Spectroscopic	data	for	1j	match	those	previously	reported	in	the	literature.119	
	
	
	
	
4-(Tert-butyl)phenyl	 pivalate	 (4a).	White	 solid;	Mp	62-63	ºC.	Rf	 0.88	 (Hex:EtOAc	2:1).	1H	NMR	 (500	
MHz,	 CDCl3):	 δ	 7.43-7.35	 (m,	 2H),	 7.02-6.93	 (m,	 2H),	 1.36	 (s,	 9H),	 1.33	 (s,	 9H).	 13C	NMR	 (126	MHz,	
CDCl3):	δ	177.32,	148.87,	148.48,	126.34,	120.87,	39.17,	34.57,	31.56,	27.29.	Spectroscopic	data	for	4a	
match	those	previously	reported	in	the	literature.120		
	
	 	
	
4-Trifluoromethylphenyl	 pivalate	 (4b).	White	 solid;	Mp	 41-42	 ºC.	 Rf	 0.75	 (Hex:EtOAc	 9:1).	1H	NMR	
(400	MHz,	CDCl3):	δ		7.64	(d,	J	=	8.4	Hz,	2H),	7.19	(d,	J	=	8.4	Hz,	2H),	1.37	(s,	9H).	13C	NMR	(101	MHz,	
CDCl3):		δ	176.69	,	153.82,	153.81,	126.84	(q,	J	=	3.7	Hz),	122.71,	122.16	,	39.34	,	27.20.	19F	NMR	(376	
MHz,	CDCl3):	δ	 -62.32.	 IR	 (neat,	cm-1):	2978,	1758,	1324,	1098,	1060,	894.	HRMS	 (APCI)	 [C12H14F3O2]	
(M+H)	calcd.	247.0946,	found	247.0941.	
	
	
	
	
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl	pivalate	(4c).	 	White	solid;	Mp	140-143	ºC.	Rf	
0.10	(Hex:EtOAc	6:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.83-	7.80	(m,	2H),	7.07-7.04	(m,	2H),	1.35	(s,	9H),	
1.34	(s,	12H).	13C	NMR	(126	MHz,	CDCl3):		δ	176.95,	153.83,	136.25,	121.01,	84.01,	45.92,	39.25,	27.28,	
25.01.	 IR	 (neat,	 cm-1):	 2977,	 1750,	 1600,	 1358,	 1112,	 1082,	 654.	HRMS	 (ESI)	 [C17H25NaO4B]	 (M+Na)	
calcd.	327.1744,	found	327.1754.	
	
	
	
	
4-pivaloylphenyl	 pivalate	 (4d).	White	 solid;	Mp	 	 39-43	 ºC.	 Rf	 0.30	 (Hex:EtOAc	 99:1).	1H	 NMR	 (500	
MHz,	 CDCl3):	 δ	8.01-7.96	 (m,	 2H),	 7.33-7.29	 (m,	 2H),	 1.56	 (s,	 9H),	 1.55	 (s,	 9H).	13C	 NMR	 (126	MHz,	
CDCl3):	δ	207.12,	176.44,	153.13,	135.30,	129.65,	121.11,	44.04,	39.10,	28.05,	27.03.	 IR	(neat,	cm-1):	
2969,	1748,	1673,	1163,	1102,	963.	HRMS	(ESI)	[C16H22NaO3]	(M+Na)	calcd.	285.1467,	found	285.1463.		
                                                
119	Li,	W.;	Gao,	J.	J.;	Zhang,	Y.;	Tang,	W.;	Lee,	H.;	Fandrick,	K.	R.;	Lu,	B.;	Senanayake,	C.	H.	Adv.	Synth.	Catal.	2011,	353,	
1671.	
120	Lohre,	C.;	Dröge,	T.;	Wang,	C.;	Glorius,	F.		Chem.	–Eur.	J.	2011,	17,	6052.		
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3-Methoxyphenyl	pivalates	 (4e).	Colorless	oil.	Rf	0.70	 (Hex:EtOAc	6:1).	1H	NMR	(400	MHz,	CDCl3):	δ	
7.27	(t,	J	=	8.2	Hz,	1H),	6.77	(ddd,	J	=	8.4,	2.5,	1.0	Hz,	1H),	6.66	(ddd,	J	=	8.1,	2.3,	0.9	Hz,	1H),	6.62	(t,	J	=	
2.4	Hz,	1H),	3.80	 (s,	3H),	1.36	 (s,	9H).	13C	NMR	 (101	MHz,	CDCl3):	δ	177.04,	160.59,	152.23,	129.82,	
113.80,	111.61,	107.58,	55.50,	39.18,	27.24.	IR	(neat,	cm-1):	2972,	1750,	1135,	1109,	1040.	HRMS	(ESI)	
[C12H16NaO3]	(M+Na)	calcd.	231.0997,	found	231.0993.	
	
	
	
3-(Dimethylamino)phenyl	 pivalates	 (4f).	 Orange	 oil.	 Rf	 0.68	 (Hex:EtOAc	 6:1);	 1H	 NMR	 (500	 MHz,	
CDCl3):	δ	7.28	(t,	J	=	8.2	Hz,	1H),	6.64	(ddd,	J	=	8.5,	2.6,	0.8	Hz,	1H),	6.48	(ddd,	J	=	8.0,	2.2,	0.8	Hz,	1H),	
6.45	(t,	J	=	2.3	Hz,	1H),	3.00	(s,	6H),	1.45	(s,	9H);13C	NMR	(126	MHz,	CDCl3):	δ	177.06,	152.24,	151.69,	
129.52,	109.73,	109.16,	105.38,	40.41,	39.03,	27.20.	Spectroscopic	data	for	4f	match	those	previously	
reported	in	the	literature.121	
	
	
	
	
2,5-dimethylphenyl	pivalate	(4g).	Yellow	oil.	Rf	0.89	(Hex:EtOAc	6:1).	1H	NMR	(400	MHz,	CDCl3):	δ	7.15	
(d,	J	=	7.6	Hz,	1H),	6.99	(dd,	J	=	7.7,	1.8	Hz,	1H),	6.88-6.82	(m,	1H),	2.37	(s,	3H),	2.19	(s,	3H),	1.45	(s,	
9H).	13C	 NMR	 (101	 MHz,	 CDCl3):	 δ	 176.82,	 149.47,	 136.88,	 130.85,	 126.88,	 126.63,	 122.37,	 39.25,	
27.36,	20.94,	15.7.	IR	(neat,	cm-1):	2973,	1748,	1246,	1113,	897,	818.	HRMS	(ESI)	[C13H18NaO2]	(M+Na)	
calcd.	229.1204,	found	229.1202.	
	
	
	
[1,1'-Biphenyl]-2-yl	 pivalate	 (4h).	 Colorless	 oil.	 Rf	 0.60	 (Hex:EtOAc	 8:1).	1H	 NMR	 (400	MHz,	 CDCl3):	
7.52-7.32	 (m,	 8H),	 7.18	 (dd,	 J	 =	 8.0,	 1.3	Hz,	 1H),	 1.22	 (s,	 9H).	13C	NMR	 (101	MHz,	 CDCl3):	 δ	 176.69,	
148.19,	 137.60,	 135.32,	 130.82,	 129.24,	 128.43,	 128.03,	 127.39,	 126.03,	 122.73,	 38.85,	 26.99.	
Spectroscopic	data	for	4h	match	those	previously	reported	in	the	literature.122	
	 	
                                                
121	Reeves,	J.	T.;	Fandrick,	D.	R.;	Tan,	Z.;	Song,	J.	J.;	Lee,	H.;	Yee,	N.	K.;	Senanayake,	C.	H.	Org.	Lett.	2010,	12,	4388.	
122	(a)	Tomomichi,	I.;	Mako,	O.;	Toshiaki,	I.	Bull.	Chem.	Soc.	Jpn.	1986,	59,	3621.	(b)	Mousseau,	J.	J.;	Vallée,	J.;	Lorion,	M.	
M.;	Charette,	A.	B.	J.	Am.	Chem.	Soc.	2010,	132,	14412.	
MeO OPiv
Me2N OPiv
Me
Me OPiv
Ph
OPiv
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
	Benzodioxol-5-yl	pivalate	(4i).	Orange	oil.	Rf	0.53	(Hex:EtOAc	9:1).	1H	NMR	(500	MHz,	CDCl3):	δ	6.76	
(d,	J	=	8.3	Hz,	1H),	6.56	(d,	J	=	2.4	Hz,	1H),	6.48	(dd,	J	=	8.4,	2.3	Hz,	1H),	5.97	(s,	2H),	1.33	(s,	9H).	13C	
NMR	 (126	 MHz,	 CDCl3):	 δ	 177.47,	 148.10,	 145.57,	 145.29,	 113.88,	 108.02,	 103.81,	 101.77,	 39.13,	
27.24.	Spectroscopic	data	for	4i	match	those	previously	reported	in	the	literature.123	
	
	
	
	
Dibenzo[b,d]furan-1-yl	pivalate	(4j).	Orange	oil.	Rf	0.48	(Hex:EtOAc	99:1).	1H	NMR	(500	MHz,	CDCl3):	δ	
7.96-7.92	(m,	1H),	7.81	(dd,	J	=	7.7,	1.4	Hz,	1H),	7.60-	7.56	(m,	1H),	7.46	(ddd,	J	=	8.4,	7.2,	1.3	Hz,	1H),	
7.38-7.30	 (m,	 2H),	 7.23-	 7.19	 (m,	 1H),	 1.52	 (s,	 9H).	13C	 NMR	 (126	MHz,	 CDCl3):	 	 δ	176.38,	 156.39,	
147.42,	136.13,	127.51,	126.67,	124.13,	123.11,	123.06,	120.87,	120.29,	118.03,	112.04,	39.40,	27.35.	
IR	(neat,	cm-1):	2974,	1756,	1429,	1191,	1097,		743.	HRMS	(ESI)	[C17H16NaO3]	(M+Na)	calcd.	291.0997,	
found	291.0994.	
	
	
	
4-(spiro[chroman-4,2'-[1,3]dioxolan]-2-yl)phenyl	 pivalate	 (4k).	White	 solid;	Mp	 	 99-103	 ºC.	 Rf	 0.24	
(Hex:EtOAc	9:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.54-7.47	(m,	3H),	7.28	(ddd,	J	=	8.6,	7.3,	1.8	Hz,	1H),	
7.17-7.10	(m,	2H),	7.01	(td,	J	=	7.5,	1.2	Hz,	1H),	6.95	(dd,	J	=	8.3,	1.2	Hz,	1H),	5.38	(dd,	J	=	12.3,	2.5	Hz,	
1H),	4.34-	4.05	(m,	4H),	2.39-	2.24	(m,	2H),	1.40	(s,	9H).	13C	NMR	(126	MHz,	CDCl3):	δ	176.96,	155.64,	
150.98,	137.72,	130.51,	127.41,	126.48,	123.18,	121.67,	120.90,	116.94,	104.18,	76.63,66.18,	64.27,	
40.81,	39.09,	27.15.	IR	(neat,	cm-1):	2972,	2926,	1745,	1686,	1461,	1301,	1204,	1121,	908,	778.	HRMS	
(ESI)	[C22H24NaO5]	(M+Na)	calcd.	391.1521,	found	391.1522.	
	
	
		
Naphthalen-2-ylmethyl	 pivalate	 (6a).	 Colorless	 oil;	 Rf	 0.53	 (Hex:EtOAc	 8:1).	 1H	 NMR	 (500	 MHz,	
CDCl3):	δ	8.01-7.79	(m,	4H),	7.64-7.39	(m,	3H),	5.31	(s,	2H),	1.30	(s,	9H).	13C	NMR	(126	MHz,	CDCl3):	δ	
178.39,	133.97,	133.28,	133.12,	128.38,	128.04,	127.78,	126.94,	126.32,	126.22,	125.66,	66.28,	38.93,	
27.31.	Spectroscopic	data	for	6a	match	those	previously	reported	in	the	literature.124	
	
                                                
123	Ehle,	A.	R.;	Zhou,	Q.,	Watson,	M.	P.	Org.	Lett.	2012,	14,	1202.	
124	Rao,	C.	B.;	Chinnababu,	B.;	Venkateswarlu,	Y.	J.	Org.	Chem.		2009,	74,	8856.	
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3-methoxybenzyl	 pivalate	 (6b).	Colorless	 oil.	 Rf	 0.66	 (Hex:EtOAc	6:1).	1H	NMR	 (500	MHz,	 CDCl3):	 δ	
7.27	(t,	J	=	7.9	Hz,	1H),	6.92	(dd,	J	=	7.3,	0.8	Hz,	1H),	6.88	(t,	J	=	2.0	Hz,	1H),	6.85	(ddd,	J	=	8.2,	2.6,	0.8	
Hz,	1H),	5.09	(s,	2H),	3.80	(s,	3H),	1.25	(s,	9H).	13C	NMR	(126	MHz,	CDCl3):	δ	178.30,	159.79,	138.13,	
129.61,	 119.86,	 113.44,	 113.17,	 65.90,	 55.25,	 38.89,	 27.28.	 Spectroscopic	 data	 for	6b	match	 those	
previously	reported	in	the	literature.125	
	
	
	
	
Naphthalen-2-yl(phenyl)methyl	 pivalate	 (6c).	White	 solid;	 Mp	 79-82ºC.	 Rf	 0.6	 (Hex:EtOAc	 9:1).	1H	
NMR	(500	MHz,	CDCl3):	δ	7.84-7.80	(m,	4H),	7.51-7.45	(m,	2H),	7.43	(dd,	J	=	8.6,	1.7	Hz,	1H),	7.39	(d,	J	
=	7.3	Hz,	2H),	7.35	(t,	J	=	7.5	Hz,	2H),	7.31-7.27	(m,	1H),	7.01	(s,	1H),	1.29	(s,	9H).	13C	NMR	(126	MHz,	
CDCl3):	 δ	 177.43,	 140.57,	 138.05,	 133.26,	 133.05,	 128.64,	 128.52,	 128.28,	 127.93,	 127.79,	 127.09,	
126.38,	126.31,	126.14,	125.00,	76.83,	39.11,	27.31.	Spectroscopic	data	for	6c	match	those	previously	
reported	in	the	literature.126	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
2.5.4.	General	Procedure	for	Ni-catalyzed	C(sp2)-OMe	Borylation	
                                                
125	Hilborn,	J.	W.;	MacKnight,	E.;	Pincock,	J.	A.;	Wedge,	P.	J.	J.	Am.	Chem.	Soc.	1994,	16,	3337.	
126	(a)	Harris,	M.	R.;	Hanna,	L.	E.;	Greene,	M.	A.;	Moore,	C.	E.;	Jarvo,	E.	R.	J.	Am.	Chem.	Soc.	2013,	135,	3303.	(b)	Zhou,	
Q.;	Srinivas,	H.	D.;	Dasgupta,	S.;	Watson,	M.	P.	J.	Am.	Chem.	Soc.	2013,	135,	3307.	
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General	 Procedure	A	 (Tables	 2-4)	 (triethyl(naphthalen-2-yl)silane	 3a	 is	 used	 as	 an	 example).	An	
oven-dried	5	mL	screw-capped	test	tube	containing	a	stirring	bar	was	charged	with	1a	(114	mg,	0.50	
mmol)	and	CuF2	(15.2	mg,	30	mol	%).	The	test	tube	was	introduced	in	an	argon-filled	glovebox	where	
Ni(COD)2	(13.8	mg,	10.0	mol	%),	PCy3	(28.0	mg,	20.0	mol	%),	CsF	(76.0	mg,	1.0	equiv.),	a	solution	of	2a	
(0.1454	 g	 in	 1.50	 mL	 toluene,	 1.2	 equiv.)	 and	 additional	 toluene	 (1.5	 mL)	 were	 then	 added	
sequentially.	The	tube	with	the	mixture	was	taken	out	of	the	glovebox	and	stirred	at	50ºC	for	2-15	h.	
The	mixture	was	then	allowed	to	warm	to	room	temperature,	diluted	with	EtOAc	(5	mL)	and	filtered	
through	 a	 Celite®	 plug,	 eluting	 with	 additional	 EtOAc	 (10	 mL).	 The	 filtrate	 was	 concentrated	 and	
purified	by	column	chromatography	on	silica	gel	(Hexanes)	to	yield	the	title	product	3a	as	a	colorless	
oil	in	90%	yield	(109	mg).	Rf	0.65	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	8.01	(s,	1H),	7.90-7.76	(m,	
3H),	7.67-7.57	(m,	1H),	7.50	(dt,	J	=	6.2,	3.4	Hz,	2H),	1.03	(t,	J	=	7.8	Hz,	9H),	0.90	(q,	6H).	13C	NMR	(126	
MHz,	CDCl3):	δ	135.14,	134.94,	133.77,	133.12,	130.74,	128.15,	127.82,	126.89,	126.27,	125.88,	7.61,	
3.58.	 IR	 (neat,	 cm-1):	 2952,	 2873,	 1082,	 1005,	 814,	 704,	 474.	 HRMS	 (APCI)	 [C14H17Si]	 (M-CH3CH2)	
calcd.	213.1100,	found	213.1094.	
	
	
	
Triethyl(7-methoxynaphthalen-2-yl)silane	(3b).	Following	the	general	procedure	A	using	1b	(129	mg,	
0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hexanes)	 afforded	 3b	 as	 a	
yellow	oil	in	99%	yield	(135	mg).	Rf	0.39		(Hexanes).	1H	NMR	(400	MHz,	CDCl3):	δ	7.89	(s,	1H),	7.73	(t,	J	
=	9.1	Hz,	2H),	7.44	(dd,	J	=	8.1,	1.1	Hz,	1H),	7.18-7.13	(m,	2H),	3.94	(s,	3H),	1.06-	0.97	(m,	9H),	0.94-	
0.83	 (m,	 6H).	 13C	 NMR	 (101	MHz,	 CDCl3):	 157.67,	 135.63,	 134.15,	 133.71,	 129.31,	 129.31,	 128.64,	
126.65,	119.17,	105.96,	55.44,	7.63,	3.58.	IR	(neat,	cm-1):	2924,	1212,	1086,	838,	717,	697,	471.	HRMS	
(APCI)	[C17H25OSi]	(M+H)	calcd.	273.1675,	found	273.1671.	
	
	
	
	
Triethyl(naphthalen-1-yl)silane	(3c).	Following	the	general	procedure	A	using	1c	(114	mg,	0.50	mmol)	
and	purification	by	 column	chromatography	on	 silica	 gel	 (Hexanes)	 afforded	3c	 as	 a	 colorless	oil	 in	
77%	yield	 (90	mg).	Rf	 0.68	 (Hexanes).	1H	NMR	 (500	MHz,	CDCl3):	δ	8.13-8.07	 (m,	1H),	7.89-7.81	 (m,	
2H),	7.67	(dd,	J	=	6.9,	1.4	Hz,	1H),	7.51-7.43	(m,	3H),	1.06-0.94	(m,	15H).	13C	NMR	(126	MHz,	CDCl3):	δ	
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137.67,	 135.36,	 134.60,	 133.54,	 129.72,	 129.21,	 128.05,	 125.64,	 125.36,	 125.18,	 7.81,	 4.69.	
Spectroscopic	data	for	3c	match	those	previously	reported	in	the	literature.127	
	
	
	
	
	
Triethyl(4-methoxynaphthalen-1-yl)silane	(3d).	Following	the	general	procedure	A	using	1d	(129	mg,	
0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hexanes)	 afforded	 3d	 as	 a	
yellow	oil	in	89%	yield	(117	mg).	Rf	0.24	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	8.35	(dd,	J	=	8.3,	1.7	
Hz,	1H),	8.07	(dd,	J	=	7.9,	1.5	Hz,	1H),	7.60	(d,	J	=	7.7	Hz,	1H),	7.56-7.44	(m,	2H),	6.83	(d,	J	=	7.7	Hz,	1H),	
4.02	(s,	3H),	1.04-0.96	(m,	15H).	13C	NMR	(126	MHz,	CDCl3):	δ	156.73,	138.70,	135.06,	127.74,	126.22,	
125.94,	 125.91,	 124.78,	 122.77,	 103.42,	 55.47,	 7.84,	 4.73.	 IR	 (neat,	 cm-1):	 2952,	 1306,	 1127,	 1088,	
1001,	760,	728,	704.	HRMS	(APCI)	[C17H25OSi]	(M+H)	calcd.	273,1675,	found	273.1663.	
	
	
	
	
6-(triethylsilyl)naphthalen-2-yl	acetate	(3e).	Following	the	general	procedure	A	(reaction	conducted	
at	 80ºC)	 using	 1e	 (143	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	
(Hex:EtOAc	 99:1)	 afforded	3e	 as	 a	 colorless	 oil	 in	 88%	 yield	 (132	mg).	 Rf	 0.45	 (Hex:EtOAc	 99:1).	1H	
NMR	(400	MHz,	CDCl3):	δ	8.65-	8.57	(m,	1H),	8.08	(dd,	J	=	8.6,	1.7	Hz,	1H),	8.04-8.01	(m,	1H),	7.97-7.86	
(m,	2H),	7.65	(dd,	J	=	8.1,	1.1	Hz,	1H),	3.99	(s,	3H),	1.06-	0.98	(m,	9H),	0.96-	0.85	(m,	6H).	13C	NMR	(101	
MHz,	 CDCl3):	 δ	 167.38,	 138.59,	 134.97,	 134.60,	 132.76,	 131.47,	 130.99,	 128.33,	 128.19,	 127.65,	
125.28,	 52.29,	 7.53,	 3.45.	 IR	 (neat,	 cm-1):	 2952,	 2874,	 1719,	 1285,	 1227,	 1095,	 706.	 HRMS	 (ESI)	
[C18H24NaO2Si]	(M+Na)	calcd.	323,1443,	found	323.1432	.	
	
	
	
	
Triethyl(6-(3-fluorophenyl)naphthalen-2-yl)silane	 (3f).	 Following	 the	 general	 procedure	 A	 using	 1f	
(161	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hex:EtOAc	 99:1)	
afforded	 3f	 as	 a	 colorless	 oil	 in	 89%	 yield	 (143	mg).	 Rf	 0.59	 (Hex:EtOAc	 99:1).	1H	 NMR	 (500	MHz,	
CDCl3):	δ	8.03	(s,	2H),	7.91	(dd,	J	=	24.0,	8.3	Hz,	2H),	7.73	(dd,	J	=	8.5,	1.8	Hz,	1H),	7.64	(d,	J	=	8.0	Hz,	
1H),	7.52	(dt,	J	=	7.8,	1.3	Hz,	1H),	7.48-7.37	(m,	2H),	7.09	(td,	J	=	8.3,	2.4	Hz,	1H),	1.04	(t,	J	=	8.2,	7.2	Hz,	
9H),	0.96-0.88	(m,	6H).	13C	NMR	(101	MHz,	CDCl3):	δ	163.41	(d,	J	=	245.8	Hz),	143.62	(d,	J	=	7.8	Hz),	
137.64	(d,	J	=	2.1	Hz),	135.84,	134.66,	133.88,	132.48,	131.40,	130.41	(d,	J	=	8.6	Hz),	128.87,	127.25,	
                                                
127	Yamanoi,	Y.;	Nishihara,	H.	Tetrahedron	Lett.	2006,	47,	7157.	
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125.94,	125.28,	123.16	(d,	J	=	2.7	Hz),	114.42	(d,	J	=	15.0	Hz),	114.21	(d,	J	=	14.4	Hz),	7.61	,	3.56.	19F	
NMR	 (376	MHz,	 CDCl3):	 δ	 -113.08.	 IR	 (neat,	 cm-1):	 2952,	 2873,	 1083,	 779,	 713,	 475.	 HRMS	 (APCI)	
[C22H25FSi]	(M+.)	calcd.	336.1710,	found	336.1690.	
	
	
	
N-(7-(triethylsilyl)naphthalen-1-yl)pivalamide	(3g).	Following	the	general	procedure	A	using	1g	(164	
mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	3g	as	a	
whites	solid	in	61%	yield	(94	mg);	Mp	148-149	ºC.	Rf		0.61	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.96	
(d,	J	=	7.4	Hz,	2H),	7.84	(d,	J	=	8.1	Hz,	1H),	7.67	(d,	J	=	8.2	Hz,	1H),	7.59	(dd,	J	=	8.1,	0.9	Hz,	1H),	7.48	(t,	
J	=	7.8	Hz,	1H),	1.45	 (s,	9H),	1.01	 (t,	 J	=	7.7	Hz,	9H),	0.91-0.83	 (m,	6H).	 13C	NMR	(75	MHz,	CDCl3):	δ	
176.89,	135.68,	134.39,	132.39,	130.77,	127.82,	126.83,	126.74,	126.26,	125.51,	120.93,	40.05,	27.96,	
7.63,	3.59.	 IR	(neat,	cm-1):	3258,	2952,	2872,	1647,	1515,	703.	HRMS	 (ESI)	 [C21H30NOSi]	 (M-H)	calcd.	
340.2097,	found	340.2102.	
	
	
	
Methyl	3-(triethylsilyl)-2-naphthoate	(3h).	Following	the	general	procedure	A	(reaction	conducted	at	
80ºC)	 using	 1h	 (143	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	
(Hex:EtOAc	99:1)	 afforded	3h	 as	 a	 colorless	oil	 in	59%	yield	 (87.1	mg).	Rf	 0.53	 (Hex:EtOAc	99:1).	1H	
NMR	(500	MHz,	CDCl3):	δ	8.55	(s,	1H),	8.11	(s,	1H),	8.04-7.85	(m,	2H),	7.57	(dddd,	J	=	22.2,	8.1,	6.8,	1.3	
Hz,	2H),	3.97	(s,	3H),	1.08-0.85	(m,	15H).	13C	NMR	(126	MHz,	CDCl3):	δ	169.20,	137.86,	134.39,	134.35,	
133.12,	132.59,	131.07,	128.81,	128.17,	128.12,	127.18,	52.24,	8.06,	4.44.	IR	(neat,	cm-1):	2950,	2872,	
1720,	1276,	1106,	725,	475.	HRMS	(APCI)	[C17H21OSi]	(M-OCH3)	calcd.	269.1362,	found	269.1356.	
	
	
	
Triethyl(7-((triisopropylsilyl)oxy)naphthalen-2-yl)silane	(3i).	Following	the	general	procedure	A	using	
1i	(200	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	3i	
as	a	colorless	oil	 in	98%	yield	(203	mg).	Rf	0.33	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.84	(s,	1H),	
7.73	(dd,	J	=	19.2,	8.4	Hz,	2H),	7.44	(dd,	J	=	7.9,	1.2	Hz,	1H),	7.24	(d,	J	=	2.3	Hz,	1H),	7.15	(dd,	J	=	8.8,	
2.4	Hz,	1H),	1.41-1.32	(m,	3H),	1.17	(d,	J	=	7.4	Hz,	18H),	1.03	(t,	J	=	7.7	Hz,	9H),	0.92-0.87	(m,	6H).	13C	
NMR	 (126	MHz,	 CDCl3):	 δ	153.92,	 135.32,	 134.34,	 133.66,	 129.44,	 129.15,	 128.60,	 126.58,	 122.44,	
114.68,	18.17,	12.93,	7.65,	3.60.	 IR	 (neat,	cm-1):	2946,	2868,	1453,	1215,	972,	857,	709,	672.	HRMS	
(APCI)	[C25H43OSi2]	(M+H)	calcd.	415.2852,	found	415.2859	.	
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2-Methyl-4-(triethylsilyl)quinoline	 (3j).	 Following	 the	 general	 procedure	 A	 using	 1j	 (122	 mg,	 0.50	
mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hex:EtOAc	 8:1)	 afforded	 3j	 as	 a	
colorless	oil	 in	59%	yield	(73	mg).	Rf	0.35	(Hex:EtOAc	8:1).	1H	NMR	(500	MHz,	CDCl3):	δ	8.03	(dd,	J	=	
37.7,	8.3,	1.2	Hz,	2H),	7.65	(ddd,	J	=	8.3,	6.8,	1.4	Hz,	1H),	7.46	(ddd,	J	=	8.1,	6.7,	1.3	Hz,	1H),	7.39	(s,	
1H),	 2.74	 (s,	 3H),	 1.06-0.90	 (m,	 15H).	13C	NMR	 (126	MHz,	 CDCl3):	 δ	 157.46,	 147.17,	 146.46,	 130.58,	
129.90,	129.63,	128.87,	127.56,	125.40,	25.28,	7.60,	4.24.	IR	(neat,	cm-1):	2954,	2874,	1005,	757,	727,	
693.	HRMS	(ESI)	[C16H24NSi]	(M+H)	calcd.	258,1678,	found	258.1674.		
	
	
	
(4-(Tert-butyl)phenyl)triethylsilane	 (5a).	Following	 the	general	procedure	A	using	4a	 (117	mg,	0.50	
mmol)	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	5a	as	a	colorless	
oil	in	75%	yield	(87	mg).	Rf	0.78	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.46	(d,	J	=	8.2	Hz,	2H),	7.41-
7.39	(m,	2H),	1.35	(s,	9H),	1.00	(t,	J	=	7.9	Hz,	9H),	0.814	(q,	J=	7.9	Hz,	6H).	13C	NMR	(126	MHz,	CDCl3):	δ	
151.64,	134.20,	133.96,	124.75,	34.74,	31.43,	7.63,	3.62.	IR	(neat,	cm-1):	2953,	2874,	1086,	1005,	819,	
715,	556.	HRMS	(APCI)	[C16H28Si]	(M+.)	calcd.	248.1960,	found	248.1962.	
	
	
	
Triethyl(4-(trifluoromethyl)phenyl)silane	(5b).	Following	the	general	procedure	A	using	4b	(123	mg,	
0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hexanes)	 afforded	 5b	 as	 a	
colorless	oil	 in	29%	yield	due	to	volatility	issues	(70%	GC	yield	using	decane	as	internal	standard).	Rf	
0.87	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.70-7.51	(m,	4H),	0.97	(t,	J	=	7.8	Hz,	9H),	0.82	(q,	J	=	7.8	
Hz,	6H).	13C	NMR	(126	MHz,	CDCl3):	δ	142.76	,	134.56	,	130.71	,	124.29	(q,	J	=	3.7	Hz),	123.38	,	7.42	,	
3.33.	 19F	 NMR	 (376	 MHz,	 CDCl3):	 δ	 -62.99.	 Spectroscopic	 data	 for	 5b	 match	 those	 previously	
reported.128,129	
	
	
	
Triethyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)silane	 (5c).	 Following	 the	 general	
procedure	 A	 (reaction	 conducted	 at	 80ºC,	 1.00	 mmol	 2a,	 0.85	 mmol	 CsF)	 using	 4c	 (152	 mg,	 0.50	
                                                
128	(a)	Ezbianski,	K.;	Djurovich,	P.	I.	;	LaForest,	M.;	Sinning,	D.	J.	;	Zayes,	R.;	Berry,	D.	H.	Organometallics	1998,	17,	1455.	
(b)	Hamze,	A.;	Provot,	O.;	Alami,	M.;	Brion,	J-D.	Org.	Lett.	2006,	8,	931.	
129	Yamanoi,	Y.;	Nishihara,	H.	J.	Org.	Chem.	2008,	73,	6671.	
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mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hex:EtOAc	 99:1)	 afforded	5c	 as	 a	
yellow	solid	in	98%	yield	(156	mg).	Mp	50-57ºC.	Rf	0.33	(Hex:EtOAc	99:1).	1H	NMR	(500	MHz,	CDCl3):	
7.79	(d,	J	=	7.8	Hz,	2H),	7.51	(d,	J	=	7.8	Hz,	2H),	1.35	(s,	12H),	0.96	(t,	J	=	7.8	Hz,	9H),	0.83-0.78	(m,	6H).	
13C	NMR	 (126	MHz,	 CDCl3):	 141.42,	 133.88,	 133.66,	 83.86,	 29.85,	 25.00,	 7.50,	 3.40.	 IR	 (neat,	 cm-1):	
2959,	 2875,	 1355,	 1143,	 1072,	 719,	 657.	 HRMS	 (APCI)	 [C18H32O2SiB]	 (M+H)	 calcd.	 319.2265,	 found	
319.2261.	
	
		
	
2,2-Dimethyl-1-(4-(triethylsilyl)phenyl)propan-1-one	 (5d).	 Following	 the	 general	 procedure	 A	
(reaction	 conducted	 at	 80ºC,	 1.00	 mmol	 2a,	 0.85	 mmol	 CsF)	 using	 4d	 (131	 mg,	 0.50	 mmol)	 and	
purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	99:1)	afforded	5d	as	a	yellow	solid	in	
88%	yield	(122	mg).	Rf	0.36	(Hex:EtOAc	99:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.65	(d,	J	=	8.1	Hz,	2H),	7.52	
(d,	J	=	8.1	Hz,	2H),	1.36	(s,	9H),	0.97	(t,	J	=	7.8	Hz,	9H),	0.83-0.78	(m,	6H).	13C	NMR	(126	MHz,	CDCl3):	δ	
209.54,	 141.56,	 138.74,	 133.98,	 126.97,	 44.35,	 28.18,	 7.48,	 3.38.	 IR	 (neat,	 cm-1):	 2954,	 2926,	 1675,	
1460,	1176,	956,	731,	721.	HRMS	(ESI)	[C17H28NaOSi]	(M+Na)	calcd.	299.1807,	found	299.1805.	
	
	
	
Triethyl(3-methoxyphenyl)silane	 (5e).	 Following	 the	 general	 procedure	 A	 using	 4e	 (104	 mg,	 0.50	
mmol)	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	5e	as	a	yellow	oil	
in	 45%	 yield	 due	 to	 volatility	 issues	 (81%	 GC	 yield	 using	 decane	 as	 internal	 standard).	 Rf	 	 0.50	
(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.30	(t,	J	=	8.2,	7.2	Hz,	1H),	7.08	(dt,	J	=	7.1,	1.0	Hz,	1H),	7.05	
(dd,	J	=	2.7,	0.9	Hz,	1H),	6.90	(ddd,	J	=	8.2,	2.8,	1.1	Hz,	1H),	3.83	(s,	3H),	0.98	(t,	J	=	7.8	Hz,	9H),	0.82-
0.77	 (m,	 6H).	13C	 NMR	 (126	MHz,	 CDCl3):	 δ	 159.01,	 139.32,	 128.94,	 126.63,	 120.05,	 113.79,	 55.17,	
7.55,	3.50.	Spectroscopic	data	for	5e	match	those	previously	reported	in	the	literature.129		
	
	
	
N,N-dimethyl-3-(triethylsilyl)aniline	 (5f).	Following	 the	general	procedure	A	using	 4f	 (111	mg,	0.50	
mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hex:EtOAc	 95:5)	 afforded	5f	 as	 a	
yellow	oil	in	74%	yield	(87	mg).	Rf	0.49	(Hex:EtOAc	95:5).	1H	NMR	(500	MHz,	CDCl3):	δ	7.30	(dd,	J	=	8.3,	
7.1	Hz,	1H),	6.98-6.90	(m,	2H),	6.81	(ddd,	J	=	8.3,	2.8,	1.0	Hz,	1H),	3.00	(s,	6H),	1.05	(t,	J	=	8.2,	7.3	Hz,	
9H),	0.88-0.82	(m,	6H).	13C	NMR	(126	MHz,	CDCl3):	δ	150.01,	138.01,	128.47,	122.82,	118.47,	113.42,	
40.79,	7.64,	3.60.	Spectroscopic	data	for	5f	match	those	previously	reported	in	the	literature.129	
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(2,5-Dimethylphenyl)triethylsilane	 (5g).	 Following	 the	 general	 procedure	A	 using	 4g	 (103	mg,	 0.50	
mmol)		and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	5g	as	a	colorless	
oil	in	59%	yield	(62	mg).	Rf	0.74	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.24	(s,	1H),	7.11-7.04	(m,	2H),	
2.41	(s,	3H),	2.33	(s,	3H),	0.97	(t,	J	=	7.6	Hz,	9H),	0.90-0.84	(m,	6H).	13C	NMR	(126	MHz,	CDCl3):	140.81,	
136.30,	 135.31,	 133.83,	 129.85,	 129.79,	 22.61,	 21.29,	 7.78,	 4.18.	 Spectroscopic	 data	 for	 5g	match	
those	previously	reported	in	the	literature.130	
	
	
	
[1,1'-Biphenyl]-2-yltriethylsilane	 (5h).	 Following	 the	 general	 procedure	 A	 (reaction	 conducted	 at	
80ºC)	 using	 4h	 (127	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	
(Hexanes)	afforded	5h	as	a	colorless	oil	 in	69%	yield	 (91	mg).	Rf	0.69	 (Hexanes).	1H	NMR	(500	MHz,	
CDCl3):	δ	7.59	(dd,	J	=	7.3,	1.6	Hz,	1H),	7.42-	7.33	(m,	5H),	7.32-7.29	(m,	2H),	7.24	(dd,	J	=	7.4,	1.5	Hz,	
1H),	 0.84	 (t,	 J	 =	 7.9	Hz,	 9H),	 0.49	 (q,	 J	 =	 7.9	Hz,	 6H).	 13C	NMR	 (126	MHz,	 CDCl3):	 δ	 149.81,	 144.74,	
135.91,	135.25,	129.81,	129.32,	128.42,	127.69,	127.18,	126.20,	7.65,	4.36.	Spectroscopic	data	for	5h	
match	those	previously	reported	in	the	literature.131	
	
	
	
Benzo[d][1,3]dioxol-5-yltriethylsilane	(5i).	Following	the	general	procedure	A	using	4i	(111	mg,	0.50	
mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hex:EtOAc	 9:1)	 afforded	 5i	 as	 a	
colorless	oil	in	64%	yield	(72	mg).	Rf	0.85	(Hex:EtOAc	9:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.00-6.93	(m,	
2H),	6.86	(d,	J	=	7.5	Hz,	1H),	5.94	(s,	2H),	0.97	(t,	J	=	7.3	Hz,	9H),	0.77	(q,	J	=	6.9	Hz,	6H).	13C	NMR	(126	
MHz,	 CDCl3):	 δ	 148.29,	 147.45,	 130.42,	 128.17,	 113.56,	 108.66,	 100.54,	 7.50,	 3.67.	 IR	 (neat,	 cm-1):	
2953,	 2875,	 1482,	 1416,	 1228,	 1041,	 710.	 HRMS	 (APCI)	 [C13H21O2Si]	 (M+H)	 calcd.	 237.1311,	 found	
237.1303.	
	
	
	
Dibenzo[b,d]furan-1-yltriethylsilane	 (5j).	Following	 the	general	procedure	A	 (reaction	conducted	at	
80ºC)	 using	 4j	 (134	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	
(Hex:EtOAc	99:1)	afforded	5j	as	a	colorless	oil	in	59%	yield	(83	mg).	Rf	0.82	(Hex:EtOAc	99:1).	1H	NMR	
(500	MHz,	CDCl3):	δ	7.97	(ddd,	J	=	7.4,	5.9,	1.3	Hz,	2H),	7.58	(d,	J	=	8.1	Hz,	1H),	7.53	(dd,	J	=	7.2,	1.4	Hz,	
                                                
130	Sakaguchi,	T.;	Koide,	Y.;	Hashimoto,	T.	Journal	of	Applied	Polymer	Science	2010,	117,	2009.	
131	Matsuda,	T.;	Kirikae,	H.	Organometallics	2011,	30,	3923.	
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1H),	7.45	(ddd,	J	=	8.3,	7.2,	1.4	Hz,	1H),	7.34	(td,	J	=	7.4,	3.9	Hz,	2H),	1.03-1.02	(m,	15H).13C	NMR	(126	
MHz,	CDCl3):	161.31,	156.06,	133.57,	126.93,	124.41,	122.79,	122.52,	122.49,	121.58,	120.68,	120.37,	
111.76,	 7.62,	 3.61.	 IR	 (neat,	 cm-1):	 2952,	 2874,	 1449,	 1389,	 1176,	 754,	 719,	 705.	 HRMS	 (APCI)	
[C16H17OSi]	(M-CH3CH2)	calcd.	253.1049,	found	253.1038.	
	
	
	
	
	
Triethyl(4-(spiro[chroman-4,2'-[1,3]dioxolan]-2-yl)phenyl)silane	 (5k).	 Following	 the	 general	
procedure	A	 (reaction	conducted	at	80ºC)	using	4k	(184	mg,	0.50	mmol)	and	purification	by	column	
chromatography	on	silica	gel	 (Hex:EtOAc	9:1)	afforded	5k	as	a	white	solid	 in	50%	yield	(96	mg);	Mp		
89-93	ºC.	Rf	0.58	(Hex:EtOAc	9:1).	1H	NMR	(400	MHz,	CDCl3):	δ	7.55	(d,	J	=	7.9	Hz,	2H),	7.52-7.44	(m,	
3H),	7.29-7.25	(m,	1H),	6.99	(td,	J	=	7.5,	1.2	Hz,	1H),	6.93	(dd,	J	=	8.4,	1.1	Hz,	1H),	5.34	(dd,	J	=	12.5,	2.4	
Hz,	1H),	4.37-	4.06	(m,	4H),	2.37	(dd,	J	=	13.6,	12.4	Hz,	1H),	2.28	(dd,	J	=	13.7,	2.4	Hz,	1H),	0.99	(t,	J	=	
7.7	Hz,	 9H),	 0.87-0.76	 (m,	 6H).	 13C	NMR	 (102	MHz,	 CDCl3):	 155.95,	 140.72,	 137.88,	 134.67,	 130.65,	
126.57,	125.80,	123.21,	120.98,	117.16,	104.45,	66.30,	64.40,	40.68,	29.84,	7.53,	3.50.	IR	(neat,	cm-1):	
2949,	 2872,	 1457,	 1222,	 1066,	 717.	 HRMS	 (ESI)	 [C23H30NaO3Si]	 (M+Na)	 calcd.	 405.1862,	 found	
405.1863	.	
	
	
	
Triethyl(naphthalen-2-ylmethyl)silane	 (7a).	Following	 the	general	procedure	A	 (reaction	 conducted	
at	 80ºC)	 using	 6a	 (121	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	
(Hexanes)	afforded	7a	as	a	yellowish	oil	 in	77%	yield	(94	mg).	Rf	0.74	(Hexanes).	1H	NMR	(500	MHz,	
CDCl3):	δ	7.78	(d,	J	=	8.1	Hz,	1H),	7.72	(t,	J	=	1.7	Hz,	2H),	7.46	(s,	1H),	7.40	(dddd,	J	=	29.3,	8.1,	6.8,	1.3	
Hz,	2H),	7.20	(dd,	J	=	8.4,	1.8	Hz,	1H),	2.29	(s,	2H),	0.96	(t,	J	=	8.0	Hz,	9H),	0.56	(q,	J	=	7.9	Hz,	6H).	13C	
NMR	 (126	MHz,	 CDCl3):	 δ	 138.58,	 133.99,	 131.08,	 128.07,	 127.70,	 127.65,	 127.08,	 125.87,	 125.37,	
124.43,	22.12,	7.49,	3.22.	IR	(neat,	cm-1):	2951,	2873,	1014,	816,	739,	730,	475.	HRMS	(APCI)	[C17H25Si]	
(M+H)	calcd.	257.1726,	found	257.1720.	
	
	
	
Triethyl(3-methoxybenzyl)silane	 (7b).	 Following	 the	 general	 procedure	 A	 (reaction	 conducted	 at	
80ºC)	 using	 6b	 (111	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	
(Hex:EtOAc	99:1)	afforded	7b	as	a	colorless	oil	in	52%	yield	(62	mg).	Rf	0.54	(Hex:EtOAc	99:1).	1H	NMR	
(500	MHz,	CDCl3):	δ	7.12	(t,	J	=	7.8	Hz,	1H),	6.62	(dd,	J	=	8.1,	2.6	Hz,	2H),	6.58	(t,	J	=	2.1	Hz,	1H),	3.78	(s,	
3H),	2.09	(s,	2H),	0.93	(t,	J	=	7.9	Hz,	9H),	0.53	(q,	J	=	8.0	Hz,	6H).	13C	NMR	(126	MHz,	CDCl3):	δ	159.65,	
O
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142.47,	 129.15,	 120.90,	 114.06,	 109.17,	 55.18,	 21.93,	 7.44,	 3.18.	 IR	 (neat,	 cm-1):	 2952,	 2875,	 1598,	
1261,	1157,	1046,	772,	695.	HRMS	(APCI)	[C14H25OSi]	(M+H)	calcd.	237.1675,	found	237.1669.	
	
	
	
	
Triethyl(naphthalen-2-yl(phenyl)methyl)silane	(7c).	Following	the	general	procedure	A	using	6c	(159	
mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	7c	as	a	
colorless	oil	 in	80%	yield	 (133	mg).	Rf	0.58	 (Hexanes).	1H	NMR	 (500	MHz,	CDCl3):	7.71-7.61	 (m,	4H),	
7.37-7.27	 (m,	3H),	7.24	 (dd,	 J	=	8.2,	1.5	Hz,	2H),	7.21-7.13	 (m,	2H),	7.08-	7.02	 (m,	1H),	3.75	 (s,	1H),	
0.79	(t,	J	=	7.9	Hz,	9H),	0.61-0.54	(m,	6H).	13C	NMR	(126	MHz,	CDCl3):	δ	142.99,	140.75,	133.82,	131.66,	
129.17,	129.03,	128.46,	128.38,	127.84,	127.63,	126.64,	125.94,	125.26,	125.06,	29.86,	7.69,	3.67.	IR	
(neat,	 cm-1):	 2923,	1597,	1492,	1459,	1008,	699,	475.	HRMS	 (APCI)	 [C17H13]	 (M-Si(CH3CH2)3)	 calcd.	
217.1017,	found	217.1012.	
	
2.5.3.	Synthetic	applicability	of	aryl(triethyl)silanes	
	
2.5.3.1.	Halogenation	of	3a	with	NXS	(X=	I,	Br,	Cl)	
	
	
	
	
General	 Procedure	 (2-iodonaphthalene	 8a	 is	 used	 as	 an	 example).	 An	 oven-dried	 5	 mL	 screw-
capped	 test	 tube	 containing	 a	 stirring	 bar	 was	 charged	 with	 3a	 (61	 mg,	 0.25	 mmol)	 and	 N-
iodosuccinimide	(281	mg,	5	equiv.).	The	test	tube	was	evacuated	and	back-filled	with	dry	argon	(this	
sequence	was	repeated	three	times).	Dry	acetonitrile	(3	mL)	was	then	added	into	the	tube	by	syringe	
through	the	septum	under	a	positive	pressure	of	argon	and	the	resulting	mixture	was	stirred	at	r.t.	for	
24	 h.	 Then	 the	 mixture	 was	 concentrated	 and	 purified	 by	 column	 chromatography	 in	 silica	 gel	
(Hexanes)	to	yield	the	title	product	8a	as	a	white	solid	in	91%	yield	(58	mg).	Rf	0.64	(Hexanes).	1H	NMR	
(500	MHz,	CDCl3):	δ	8.24	(s,	1H),	7.82-7.77	(m,	1H),	7.74-7.69	(m,	2H),	7.57	(d,	J	=	8.7	Hz,	1H),	7.52-
7.46	(m,	2H).	 13C	NMR	(126	MHz,	CDCl3):	δ	136.74,	135.11,	134.48,	132.22,	129.58,	127.97,	126.91,	
126.80,	126.58,	91.6.	Spectroscopic	data	for	8a	match	those	previously	reported	in	the	literature.132	
	
	
	
2-Bromonaphthalene	(8b).	Following	the	general	procedure	B	using	N-bromosuccinimide	(223	mg,	5	
equiv)	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	8b	as	a	white	solid	
                                                
132	Shen,	H.-C.;	Pal,	S.;	Lian,	J.-J.;	Liu,	R.-S.	J.	Am.	Chem.	Soc.	2003,	125,	15762.	
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in	89%	yield	(46	mg).	Rf	0.62	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	8.05	(d,	J	=	1.9	Hz,	1H),	7.86-7.82	
(m,	1H),	7.80-7.75	(m,	1H),	7.72	(d,	J	=	8.7	Hz,	1H),	7.60	(dd,	J	=	8.8	Hz,	1H),	7.57-7.49	(m,	2H).	13C	NMR	
(126	MHz,	CDCl3):	δ	134.53,	131.86,	129.97,	129.63,	129.26,	127.90,	127.05,	126.92,	126.31,	119.88.	
Spectroscopic	data	for	8b	match	those	previously	reported	in	the	literature.133	
	
	
	
2-Chloronaphthalene	(8c).	Following	the	general	procedure	B	 (reaction	conducted	at	80ºC)	using	N-
chlorosuccinimide	 (167	 mg,	 5	 equiv)	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	
(Hexanes)	 afforded	8c	 as	 a	white	 solid	 in	 55%	 yield	 (22	mg).	 Rf	 0.56	 (Hexanes).	1H	NMR	 (500	MHz,	
CDCl3):	δ	7.91-	7.82	(m,	2H),	7.78	(t,	J	=	8.7	Hz,	2H),	7.56-7.48	(m,	2H),	7.46	(dd,	J	=	8.7,	2.1	Hz,	1H).	13C	
NMR	 (126	MHz,	 CDCl3):	 δ	 134.11,	 131.74,	 131.66,	 129.60,	 127.89,	 127.16,	 127.00,	 126.86,	 126.70,	
126.22.		
	
2.5.3.2.	Pd-Catalyzed	β-Selective	Direct	C-H	Bond	Arylation	of	Benzotiophene	with	5a	
	
	
	
	
	
Procedure.134	An	oven-dried	Schlenk	containing	a	stirring	bar	was	charged	with	aryl(triethyl)silane	5a	
(124	mg,	2	equiv.),	PdCl2(MeCN)2	 (3.25	mg,	5	mol%),	CuCl2	(67	mg,	2	equiv.)	and	benzotiophene	(34	
mg,	0.25	mmol).	The	schlenk	tube	was	then	evacuated	and	back-filled	with	dry	argon	(this	sequence	
was	 repeated	 three	 times).	Dried	1,2-dichloroethane	 (0.25	mL)	was	 subsequently	 added	by	 syringe	
under	a	positive	pressure	of	argon	and	the	resulting	mixture	was	stirred	at	80ºC	for	16	h.	The	reaction	
mixture	was	then	allowed	to	warm	to	r.t.,	diluted	with	DCM	(5	mL)	and	filtered	through	a	silica	plug,	
eluting	 with	 additional	 DCM	 (10	 mL).	 The	 filtrate	 was	 concentrated	 and	 purified	 by	 column	
chromatography	on	silica	gel	(Hexanes)	to	yield	the	title	product	9a	as	a	colorless	oil	in	66%	yield	(44	
mg,	86	%β)135.	Rf	0.47	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.98-7.89	(m,	2H),	7.56-7.50	(m,	4H),	
7.42-7.36	(m,	3H),	1.40	(s,	9H).	13C	NMR	(126	MHz,	CDCl3):	δ	150.67,	140.84,	138.18,	138.16,	133.26,	
128.50,	125.80,	124.47,	124.37,	123.22,	123.16,	123.04,	34.81,	31.54.	Spectroscopic	data	for	9a	match	
those	previously	reported	in	the	literature.136	
	 	
                                                
133	Pan,	J.;	Wang,	X.;	Zhang,	Y.;	Buchwald,	S.	L.	Org.	Lett.	2011,	13,	4974.	
134	Funaki,	K.;	Sato,	T.;	Oi,	S.	Org.	Lett.	2012,	14,	6186.	
135	Regioselectivity	was	determined	by	NMR	analysis.	
136	Kobayashi,	K.;	Nakai,	D.;	Fukamachi,	S.;	Konishi,	H.	Heterocylces	2010,	81,	1703. 
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2.5.4.	NMR	spectra	
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Chapter	3.	Ni-catalyzed	Ipso-Borylation	of	Aryl	and	Benzyl	Methyl	Ethers	via	
C(sp2)-	and	C(sp3)-O	Cleavage	
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3.1.	Organoboron	Compounds:	Nature,	Synthesis	and	Applications	
 
3.1.1.	Nature	and	Applications	of	Organoboron	Compounds		
 
Organoboron	 compounds,	 namely,	 boronic	 acids	 and	 their	 esters,	 are	 ubiquitous	 synthethic	
scaffolds	 that	 find	 application	 not	 only	 in	 academic	 laboratories	 but	 also	 in	 pharmaceutical	 and	
agrochemical	settings	as	well	as	 industries	 focusing	on	the	production	of	 liquid	crystals	and	organic	
light-emitting	diodes	(LEDs.)1	Their	unique	properties	and	versatility,	together	with	their	non-toxicity,	
air-	and	water-stability,	reactivity	under	mild	conditions	make	organoboranes	one	of	the	most	widely	
applied	synthetic	intermediates.	
	
Boronic	 esters	 are	 generally	 easier	 to	 purify	 and	 handle	 than	 the	 corresponding	 acids;	 in	 the	
absence	of	the	hydrogen	bond	donor	capability	of	hydroxyl	groups,	esters	are	less	polar	and	display	
mitigated	C-B	bond	reactivity,	imparting	compatibility	with	a	wide	range	of	reaction	conditions.	Some	
of	 the	 most	 commonly	 encountered	 boronic	 esters	 are	 ethylenglycol,	 pinacol,	 nepentyl	 glycol,	
hexylene	glycol,	cathecol,	and	pinanediol	derivatives	(Figure	3.1).1	Hindered	cyclic	esters	(132	–	137)	
are	 often	more	 stable	 than	 small	 unhindered	 cyclic	 ones	 (131)	 or	 their	 acyclic	 analogs	 (xx),	 which	
hydrolyse	more	rapidly.	Catechol	esters	(xx),	a	popular	class	of	derivatives	that	are	direct	products	of	
hydroboration	reactions	with	catecholborane,	are	more	Lewis	acidic	and	quite	sensitive	to	hydrolysis	
due	 to	 the	 opposite	 conjugation	 between	 phenolic	 oxygen	 atom	 and	 the	 benzene	 ring.	 Therefore,	
catechol	derivatives	are	incompatible	with	non-hydroxylic	solvents	and	silica	gel	chromatography.2	In	
contrast,	hindered	cyclic	aliphatic	esters	(xx	-	xx)	are	less	prone	to	hydrolysis	and	are	generally	stable	
to	 aqueous	 workup	 and	 silica	 gel	 chromatography.	 Recently,	 trifluoroborate	 (xx),3	diethanolamine	
(xx),4	N-methyliminodiacetic	acid	(xx),5	and	1,8-diaminonaphthalene	(xx)6	units	have	been		employed	
as	alternative	protecting	groups	that	provide	a	highly	stable	sp3-hybridized	boron	adduct.		
 
 
Figure	3.1.	Selection	of	common	boronic	acid	derivatives.	
	
The	exceptional	reactivity	of	boronic	acids	and	esters	is	due	to	the	vacant	low-lying	p-orbital	of	the	
sp2-hybridized	boron	atom,	orthogonal	to	the	trigonal	plane	defined	by	the	three	substituents	bonded	
to	 boron.	 Both	 the	 reactivity	 and	 properties	 of	 boronic	 esters	 are	 influenced	 by	 the	 nature	 of	 the	
group	(R)	directly	bonded	to	boron,	which	allows	for	their	classification	as	alkyl,	alkenyl,	alkynyl,	and	
aryl	boronic	acids.	The	particular	properties	of	the	–B(OR)2	moiety	make	boronic	acid	derivatives	one	
                                                
1	Hall,	D.	G.	Boronic	Acids:	Preparation	and	Applications	 in	Organic	 Synthesis,	Medicine	and	Materials,	 ed.	D.	G.	Hall,	
Wiley-VCH:	Weinheim,	2011.	
2	Ketuly,	K.	A.;	Hadi,	A.	H.	A.	Molecules	2010,	15,	2347.	
3	Molander,	G.	A.;	Ellis,	N.	Acc	Chem	Res.	2007,	40,	275.	
4	Sun,	J.;	Perfetti,	M.	T.;	Santos,	W.	L.	J.	Org.	Chem.	2011,	76,	3571.		
5	(a)	Mancilla,	T.;	Contreras,	R.;	Wrackmeyer,	B.	J.	Organomet.	Chem.	1986,	307,	1.	 (b)	Gillis,	E.	P.,	Burke,	M.D.	J.	Am.	
Chem.	Soc.	2007,	129,	6716.	(c)	Gillis,	E.	P.,	Burke,	M.	D.	J.	Am.	Chem.	Soc.	2008,	130,	14084.	
6	(a)	Noguchi,	H.;	Shioda,	T.;	Chou,	C.	M.;	Suginome,	M.	Org	Lett.	2008,	10,	377.	(b)	Noguchi,	H.;	Hojo,	K.;	Suginome,	M.	
J.	Am.	Chem.	Soc.	2007,	129,	758.	
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of	 the	most	 versatile	 building	 blocks	 in	 organic	 synthesis	 finding	 application	 in	multiple	 C-C	 bond	
forming	processes	with	the	Suzuki-Miyaura	coupling	being	the	most	widely	applied	(Scheme	3.1,	path	
a).7	Since	 its	 discovery	 in	 1979,	 this	 cross-coupling	 reaction	 has	 reached	 exceptional	 levels	 of	
efficiency,	applicability	and	scope,	mainly	based	 in	a	 rational	 ligand	design,8	with	 the	Nobel	Prize	 in	
Chemistry	 awarded	 for	 its	 discovery	 in	 2010.	 The	 application	 of	 boronic	 acid	 derivatives	 goes	 far	
beyond	Suzuki-Miyaura	coupling	as	they	can	be	utilized	in	other	important	C-C	bond	formations	such	
as	 transition	 metal-catalyzed	 insertions	 (carbonylations,	 carboxylatios),9	cycloisomerizations,10	and	
C-C11	and	C-H	functionalizations.12		
	
Aryl	 boronic	 acids	 and	 esters	 have	 been	 also	 employed	 in	 other	 type	 of	 reactions	 such	 as	 a–
arylation	 of	 carbonyl	 compounds, 13 	Group	 10	 metals	 benzyne	 complexes	 formation	 via	
halometallation	 of	 ortho-bromobenzene	 boronic	 esters,14	Petasis	 reactions,15	and	 related	 transition	
metal-catalyzed	 multicomponent	 reactions.16 	An	 additional	 recent	 breakthrough	 in	 organoborn	
chemistry	 has	 been	 the	 utilization	 of	 these	 compounds	 in	 oxidative	 Heck	 or	 Sonogashira-type	
couplings;17	as	well	as	in	addition	reactions	to	alkenes,	carbonyl	compounds,	or	imine	derivatives.18		
In	addition	to	their	direct	use	in	a	number	of	coupling	schemes,	C-B	bonds	can	be	transformed	into	
a	wide	variety	of	C-heteroatom	bonds.1,19	Chan-Lam-Evans	type	coupling	provides	a	platform	for	the	
synthesis	of	ethers,	amines,	thioether,	esters,	amides,	imides,	ureas,	carbamates,	and	sulphonamides	
via	copper-catalyzed	oxidative	coupling	of	arylboronic	acid	derivatives	with	moderately	acidic	O-,	N-	
and	S-containing	 functionalities	 (Scheme	3.1,	path	b).20	A	related	strategy	can	be	used	for	C-P	bond	
construction	via	coupling	with	H-phosphonate	diesters.21	Halodeboronation	reactions	of	aryl	boronic	
acids	and	esters	represent	a	straightforward	synthesis	of	ipso-substituted	phenyl	chlorides,	bromides,	
                                                
7	(a)	 Diederich,	 F.;	 de	 Meijere,	 A.,	 Eds.	Metal-Catalyzed	 Cross-Coupling	 Reactions;	 Wiley-VCH:	 Weinheim,	 2004.	 (b)	
Miyaura,	 N.;	 Suzuki,	 A.	 Chem.	 Rev.	 1995,	 95,	 2457.	 (b)	 Miyaura,	 N.	 Bull.	 Chem.	 Soc.	 Jpn.	 2008,	 81,	 1535.	 (c)	 The	
Contemporary	Suzuki-Miyaura	Reaction.	Valente,	C.;	Organ,	M.	G.	In	ref.	1	(pp.	213-262).	
8	(a)	Miura,	M.	Angew.	Chem.	 Int.	Ed.	2004,	43,	2201.	 (b)	Barder,	T.	E.;	Walker,	S.	D.;	Martinelli,	 J.	R.;	Buchwald,	S.	L.	
Journal	of	the	American	Chemical	Society	2005,	127,	4685.		
9	(a)	Ukai,	K.;	Aoki,	M.;	Takaya,	J.;	Iwasawa,	N.	J.	Am.Chem.	Soc.	2006,	128,	8706.	(b)	Ohishi,	T.;	Nishiura,	M.;	Hou,	Z.	M.	
Angew.	Chem.,	Int.	Ed.	2008,	47,	5792.		
10	(a)	Miura,	T.;	Murakami,	M.	Chem.	Commun.	2007,	217.	(b)	Miura,	T.;	Toyashima,	T.;	Murakami,	M.	Org.	Lett.	2008,	
10,	4887.		
11	Matsuda,	T.;	Makino,	M.;	Murakami,	M.	Org.	Lett.	2004,	6,	1257.		
12	For	selected	references:	(a)	Kakiuchi,	F.;	Usui,	M.;	Ueno,	S.;	Chatani,	N.;	Murai,	S.	J.	Am.	Chem.Soc.	2004,	126,	2706.	
(b)	 Delcamp,	 J.	 H.;	White,	M.	 C.	 J.	 Am.	 Chem.	 Soc.	 2006,	 128,	 15076.	 (c)	 Giri,	 R.;	Mangel,	 N.;	 Li,	 J.-J.;	Wang,	 D.-H.;	
Breazzano,	S.	P.;	Saunders,	L.	B.;	Yu,	J.-Q.	J.	Am.	Chem.	Soc.	2007,	129,	3510.	(d)	Wen,	J.;	Zhang,	J.;	Chen,	S.-Y.;	Li,	J.;	Yu,	
X.-Q.	Angew.	Chem.,	Int.	Ed.	2008,	47,	8897.	(e)	Seiple,	I.	B.;	Su,	S.;	Rodriguez,	R.	A.;	Gianatassio,	R.;	Fujiwara,	Y.;	Sobel,	
A.	L.;	Baran,	P.	S.	J.	Am.	Chem.	Soc.	2010,	132,	13194.		
13	(a)	Morgan,	J.;	Pinhey,	J.	T.	J.	Chem.	Soc.,	Perkin	Trans.	1990,	1,	715.	(b)	Peng,	C.;	Wang,	Y.;	Wang,	J.	J.	Am.	Chem.	Soc.	
2008,	130,	1566.	(c)	Peng,	C.;	Zhang,	W.;	Yan,	G.;	Wang,	J.	Org.	Lett.	2009,	11,	1667.	(d)	Barluenga,	J.;	Tomas-Gamasa,	
M.;	Aznar,	F.;	Valdes,	C.	Nat.Chem.	2009,	1,	494.	
14	(a)	Sumida,	Y.;	Sumida,	T.;	Hashizume,	D.;	Hosoya,	T.	Org.	Lett.	2016,	18,	5600.	 (b)	Retbfll,	M.;	Edwards,	A.	 J.;	Rae,	
A.D.;	Willis,	A.C.;	Bennett,	M.	A.;	Wenger,	E.	J.	Am.	Chem.	Soc.	2002,	124,	8348.		
15	Petasis,	N.	A.;	Akritopoulou,	I.	Tetrahedron	Lett.	1993,	34,	583.		
16	(a)	 Huang,	 T.-H.;	 Chang,	 H.-M.;	Wu,	M.-Y.;	 Cheng,	 C.-H.	 J.	 Org.	 Chem.	 2002,	 67,	 99.	 (b)	 Patel,	 S.	 J.;	 Jamison,	 T.	 F.	
Angew.	Chem.,	Int.	Ed.	2003,	42,	1364.	
17	For	selected	examples:	(a)	Farrington,	E.	J.;	Brown,	J.	M.;	Barnard,	C.	F.	J.;	Rowsell,	E.	Angew.Chem.,	Int.	Ed.	2002,	41,	
169.	 (b)	Werner,	E.	W.;	Sigman,	M.S.	 J.	Am.	Chem.	Soc.	2010,	132,	13981.	 (c)	Rao,	H.;	Fu,	H.;	 Jiang,	Y.;	 	Zhao,	Y.	Adv.	
Synth.	Catal.	2010,	352,	458.		
18	(a)Sakai,	M.;	Ueda,	M.;	Miyaura,	N.	Angew.	Chem.,	Int.	Ed.	1998,	37,	3279.	(b)	Beenan,	M.	A.,	Weix,	D.	J.;	Ellman,	J.	A.	
J.	Am.	Chem.	Soc.	2006,	128,	6304.	(c)	Wu,	T.	R.;	Chong,	J.	M.	J.	Am.	Chem.	Soc.	2007,	129,	3244.	(d)	Iwai,	Y.;	Gligorich,	K.	
M.;	Sigman,	M.	S.	Angew.	Chem.,	Int.	Ed.	2008,	47,	3219.	
19	For	 selected	 reviews	 on	metal-catalyzed	 C–H	 borylation:	 (a)	 7b.	 (b)	Mkhalid,	 I.	 A.	 I.;	 Barnard,	 J.	 H.;	Marder,	 T.	 B.;	
Murphy,	J.	M.;	Hartwig,	J.	F.	Chem.	Rev.	2010,	110,	890.	(c)	Hartwig,	J.	F.	Chem.	Soc.	Rev.	2011,	40,	1992.	(d)	Ros,	A.;	
Fernández,	R.;	Lassaletta,	J.	M.	Chem.	Soc.	Rev.	2014,	43,	3229.	
20	For	 selected	 references:	 (a)	 Evans,	D.	A.;	 Katz,	 J.	 L.;	West,	 T.	 R.	Tetrahedron	 Letters,	1998,	 39,	 2937.	 (b)	 Zhang,	 L.;	
Zhang,	G.;	Zhang,	M.;	Cheng,	J.	J.	Org.	Chem.,	2010,	75,	7472.	(c)	Sueki,	S.;	Kuninobu,	Y.	Org.	Lett.,	2013,	15,	1544.	(d)	
Rossi,	S.	A.;	Shimkin,	K.	W.;	Xu,	Q.;	Mori-Quiroz,	L.	M.;	Watson,	D.	A.	Org.	Lett.,	2013,	15,	2314.	(e)	Nasrollahzadeh,	M.;	
Ehsani,	A.;	Maham,	M.	Synlett	2014,	25,	505.		
21	Zhuang,	R.;	Xu,	J.;	Cai,	Z.;	Tang,	G.;	Fang,	M.;	Zhao,	Y.	Org.	Lett.,	2011,	13,	2110.	
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and	 iodides	 (Scheme	3.1,	path	c).Error!	Bookmark	not	defined.b,22	Recently,	 improved	Pd(II)-,	Cu(II),	Ag(I),	 and	
Ni(II)-promoted	 fluorodeborylation	 techniques	 have	 been	 reported	 that	 include	 radiofluorination	
strategies	with	special	 interest	 in	positron	emission	tomography	(PET).23	Likewise,	aryl	boronic	acids	
and	esters,	as	observed	with	arylsilanes,	can	be	easily	oxidized	to	the	corresponding	phenols	 in	 the	
presence	 of	 peroxides.1	 constituting	 a	 practical	 platform	 for	 the	 preparation	 of	 synthetically	 useful	
compounds	 such	as	 chiral	 aliphatic	alcohols24	or	meta-substituted	phenols	 that	would	be	otherwise	
difficult	to	access.25		
	
Scheme	3.1.	General	overview	of	reactions	of	boronic	acid	derivatives. 
Futhermore	 boronic	 esters	 have	 been	 extensively	 used	 in	 homologation	 processes.	 In	 particular,	
Aggarwall	has	design	a	platform	that	enables	a	straightforward	generation	of	stereogenic	centers	by	
assembly	 boronotaes	 with	 chiral	 lithiated	 carbamates	 (Cb)	 or	 triisopropylbenzoates	 (TIB)	 esters	
(Scheme	 3.xx).26	This	 strategy	 has	 been	 applied	 in	 iterative	 processes	 involving	 repeated	 lithiation-
borylations	 and	 leading	 to	 extended	 chains	 with	 multiple	 vicinal	 stereocenters.	 Noteworthy,	 this	
approach,	 unlike	 iterative	 aldol	 reactions,	 does	 not	 require	 any	 functional-group	 manipulations	
between	 chain-extension	 steps	 and	 can	 be	 applied	 in	 short,	 highly	 enantio-	 and	 diastereospecific	
synthesis	of	natural	products.27	
	
	
Scheme	3.xx.	Boronic	ester	homologation	with	lithiated	stereocenters.	
	
                                                
22	(a)	Ainley,	A.	D.;	Challenger,	F.	J.	Chem.	Soc.	1930,	2171.	(b)	Thompson,	A.	L.	S.;	Kabalka,	G.	W.;	Akula,	M.	R.;	Huffman,	
J.	W.	Synthesis	2005,	547.		
23	(a)	Furuya,	T.;	Kaiser,	H.	M.;	Ritter,	T.	Angew.	Chem.,	Int.	Ed.	2008,	47,	5993.	(b)	Furuya,	T.;	Ritter,	T.	Org.	Lett.	2009,	
11,	 2860.	 (c)	 Lee,	E.;	Hooker,	 J.	M.;	Ritter,	T.	 J.	Am.	Chem.	Soc.	 2012,	134,	 17456.	 (d)	Tredwell,	M.;	Preshlock,	 S.	M.;	
Taylor,	N.	J.;	Gruber,	S.;	Huiban,	M.;	Passchier,	J.;	Mercier,	J.;	Génicot,	C.,	Gouverneur,	V.	Angew.	Chem.,	Int.	Ed.	2014,	
53,	7751.	(e)	Sanford,	M.	S.;	Scott,	P.	J.	H.	Org.	Lett.	2015,	17,	5780.	(f)	Hoover,	A.	J.;	Lazari,	M.;	Ren,	H.;	Narayanam,	M.	
K.;	Murphy,	J.	M.;	van	Dam,	R.	M.,	Hooker,	J.	M.;	Ritter,	T.	Organometallics	2016,	35,	1008.	
24	Crudden,	C.	M.;	Edwards,	D.	Eur.	J.	Org.	Chem.	2003,	4695.	
25	Maleczka,	R.	E.,	Jr.;	Shi,	F.;	Holmes,	D.;	Smith,	M.R.,	III.	J.	Am.	Chem.	Soc.	2003,	125,	7792.	
26	(a)	Leonori,	D.;	Aggarwal,	V.	K.	Angew.	Chem.	 Int.	Ed.	2014,	54,	1082.	 (b)	Scott,	H.	K.;	Aggarwal,	V.	K.	Chem.	Eur.	 J.	
2011,	17,	13124.	(c)	Thomas,	S.	P.;	French,	R.	M.;	Jheengut,	V.;	Aggarwal,	V.	K.The	Chemical	Record	2009,	9,	24.		
27	(a)	Dutheuil,	;	Webster,	M.	P.;	Worthington,	P.	A.;	Aggarwal,	V.	K.	Angew.	Chem.	Int.	Ed.	2009,	48,	6317.	(b)	Balieu,	S.;	
Hallett,	G.	 E.;	 Burns,	M.;	Bootwicha,	 T.;	 Studley,	 J.;	Aggarwal,	V.	 K.	 J.	Am.	Chem.	 Soc.	2015,	137,	 4398.	 (c)	Noble,	A.;	
Roesner,	S.;	Aggarwal,	V.	K.	Angew.	Chem.	Int.	Ed.	2016.	DOI:	10.1002/anie.201609598. 
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In	 addition	 to	 their	 essential	 role	 in	 organic	 synthesis,	 boronic	 acids	 and	 esters	 also	 play	 an	
important	 role	 in	medicinal	 chemistry	 and	 chemical	 biology.28	Specifically,	 boronic	 acids	 have	 been	
developed	as	potential	therapeutic	agents,	chemical	biology	tools,	and	drug	delivery	vehicles.	These	
applications	are	related	to	the	unique	electronic	and	chemical	properties	of	these	compounds.	Firstly,	
the	 strong	 Lewis	 acidity	 of	 boronic	 acids	 manifests	 in	 reversible	 bonding	 to	 diols,	 single	 hydroxyl	
groups,	a-amino	 and	a-hydroxy	 acids,	 as	 well	 as	 other	 Lewis	 bases	 such	 as	 cyanide	 and	 fluoride.	
Secondly,	boronic	acids	can	be	readily	oxidized	in	the	presence	of	peroxides,	reactivity	that	have	been	
applied	in	the	development	of	peroxide-detecting	agents.		
 
Moreover,	 in	 the	 last	 20	 years	 great	 strides	 have	 been	 made	 in	 the	 field	 of	 boronate-linked	
materials,	 which	 are	 based	 in	 reversible	 covalent	 boronate	 interactions.29	Based	 on	 this	 bonding	
motif,	 highly	 ordered	 structures	 have	 been	 designed	 that	 exhibit	 enhanced	 stability	 compared	 to	
other	“reversible”	supramolecular	systems.30	
	
	
 
	 	
                                                
28	(a)	Applications	of	Boronic	Acids	in	Chemical	Biology	and	Medicinal	Chemistry.	Ni,	N.;	Wang,	B.	In	ref.	1	(pp.	591-620)	
(b)	Jin,	S.;	Cheng,	Y.;	Reid,	S.;	Li,	M.;	Wang,	B.	Med.	Res.	Rev.	2009,	30,	171.	(c)	Yan,	J.;	Fang,	H.;	Wang,	B.	Med.	Res.	Rev.	
2005,	25,	490.		
29	Boronic	Acids	in	Materials	Chemistry.	Liu,	J.;	Lavigne,	J.	J.	In	ref.	1	(pp.	621-676).	
30	For	 other	 applications	 of	 aryl	 aryl	 boronic	 esters	 derivatives	 in	 materials	 science,	 as	 for	 the	 design	 of	 molecular	
thermomethers:	 (a)	 Pais,	V.	 F.;	 El-Sheshtawy,	H.	 S.;	 Fernández,	 R.;	 Lassaletta,	 J.	M.;	 Ros,	A.;	 Pischel,	U.	Chem.	 Eur.	 J.	
2013,	19,	6650.	(b)	Pais,	V.F.;	Lassaletta,	J.	M.;	Fernández,	R.;	El-Sheshtawy,	H.	S.;	Ros,	A.;	Pischel,	U.	Chem.	Eur.	J.	2014,	
20,	7638.		
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3.1.2.	Preparation	of	aryl	boronic	acids	and	esters	
 
The	 first	 preparation	 and	 isolation	 of	 a	 boronic	 acid	was	 reported	 by	 Frankland	 in	 1860	 and	was	
achieved	 by	 treating	 diethylzinc	 with	 triethylborate	 to	 furnish	 triethylborane.	 The	 product	 of	 this	
reaction	 readily	oxidizes	upon	exposure	 to	 the	atmosphere	 to	 furnish	ethylboronic	acid.31	Following	
this	 this	 seminal	 finding,	 the	 synthetic	 community	 has	 exerted	 onsiderable	 efforts	 to	 develop	 a	
plethora	of	methods	for	the	synthesis	of	complex	arylboronic	acid	derivatives.	
 
3.1.2.1.	Transmetallation	pathways	
	
Electrophilic	trapping	of	arylmetal	intermediates	with	borates	
One	of	the	first32	and	to	date	one	of	the	most	common	ways	of	synthesizing	arylboronic	acids	and	
esters	involves	the	trapping	of	arylmetal	intermediates	with	an	electrophilic	boron	source.	The	most	
economic	 and	 widely	 applied	 synthesis	 based	 on	 this	 strategy	 is	 the	 reaction	 of	 aryl	 lithium	 or	
Grignard	 reagents	with	 a	 trialkylborate	 at	 low	 temperatures	 in	 order	 to	minimize	 double	 addition,	
which	would	 lead	to	a	borinate	side	product.1	This	undesired	pathway	to	the	formation	of	diphenyl	
borane	 species	 can	 be	 avoided	 by	 reverse	 addition	 of	 the	 reagents33	or	 by	 employing	 sterically	
hindered	boronates	such	as	B(OiPr)334	or	 iPrOBpin.35	Therefore,	aryl	and	heteroaryl	boronic	acids	and	
esters	can	be	prepared	from	a	sequence	of	metal-halogen	exchange	followed	by	electrophilic	trapping	
with	 these	 trialkylborates	 (Scheme	 3.2).	 The	 alkylboronic	 esters	 formed	 in	 this	 manner	 can	 be	
converted	to	the	corresponding	acids	or	esters	via	simple	acidic	workup	or	treatment	with	diols.	
	
	
	
Scheme	3.2.	Halometalation/borylation	strategy. 
	
An	 additional	 pathway	 for	 the	 synthesis	 of	 aryl	 boronic	 acids	 and	 esters	 is	 the	 direct	 ortho-
methalation	(DoM)	of	arenes	with	ortho-directing	groups	such	as	esters,	amides,	ethers,	and	amides	
(Scheme	3.3).1,36	The	use	of	esters	as	directing	groups	can	lead	to	complications	as	the	ortho-lithiated	
intermediate	 can	 react	 with	 the	 substrate	 giving	 an	 undesired	 benzophenone	 product.	 This	 side	
reaction	can	be	 suppressed	by	performing	 the	 lithiation	with	 lithium	diisopropylamide	 (LDA)	as	 the	
base	in	the	presence	of	the	borate	electrophile.37	However,	a	limitation	of	using	LDA	is	the	need	for	
rather	activated	C-H	bonds	with	electron-withdrawing	groups	 in	ortho	aryl	position	and	an	 inherent	
incompatibility	 with	 sensitive	 functional	 groups.	 To	 combat	 this	 shortcoming,	 the	 base	 2,2,6,6-
tetramethylpiperidide	 (LTMP)	 has	 been	 recently	 employed	 and	 allows	 for	 the	 ortho-borylation	 of	
substrates	otherwise	incompatible	with	standard	alkyllithium-based	DoM-techniques.	The	success	of	
this	approach	 is	 reflected	 in	 the	highly	efficient	 transformation	of	ethyl	benzoate,	benzonitrile,	and	
                                                
31	(a)	Frankland,	E.;	Duppa,	B.	F.	Justus	Liebigs	Ann.	Chem.	1860,	115,	319.	(b)	Frankland,	E.	J.	Chem.	Soc.	1862,	15,	363.	
32	(a)	Michaelis,	A.;	Becker,	P.	Ber.	1880,	13,	58.	(b)	Michaelis,	A.;	Becker,	P.	Ber.	1882,	15,	180.		
33	Bean,	F.	R.;	Johnson,	J.	R.	J.	Am.	Chem.	Soc.	1932,	54,	4415	.	
34	(a)	Brown,	H.	C.;	Cole,	T.	E.	Organometallics	1983,	2,	1316.	(b)	Chavant,	P.	Y.;	Vaultier,	M.	J.	Organomet.	Chem.	1993,	
455,	37.	
35	(a)	Hoffmann,	R.	W.;	Metternich,	R.;	Lanz,	J.	W.	Liebigs	Ann.	Chem.	1987,	881.	(b)	Andersen,	M.	W.;	Hildebrandt,	B.;	
Köstner,	G.;	Hoffmann,	R.	W.	Chem.	Ber.	1989,	122,	1777.	 (c)	Wallace,	R.	W.;	Zong,	K.	K.	Tetrahedron	Lett.,	1992,	33,	
6941.		
36	Hartung,	C.	G.;	Snieckus,	V.	In	Modern	Arene	Chemistry;	Astruc,	D.,	Ed.;	Wiley-VCH:	Weinheim,	2002;	pp	330-367.	
37	Caron,	S.;	Hawkins,	J.M.	J.	Org.	Chem.	1998,	63,	2054.	
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fluoro-	 and	 chlorobenzene	 into	 the	 corresponding	 Bnep-products.38	Moreover,	 the	 DoM/borylation	
strategy	 can	 be	 implemented	 for	 the	 borylation	 of	 heteroaromatics	 rings	 such	 as	 (benzo)furan,	
pyrrole,	and	thiophene	at	the	more	acidic	positions.39		
	
	
Scheme	3.3.	DoM/borylation	strategy. 
	
Unfortunately,	 the	 metallation	 strategies	 still	 present	 several	 drawbacks	 that	 include	 the	
requirement	of	 cryogenic	 temperatures	 and	 strictly	 anhydrous	 conditions	 as	well	 as	 incompatibility	
with	 functionalities	 sensitive	 to	 highly	 reactive	 organometallic	 intermediates.	 As	 a	 consequence	 of	
these	shortcomings,	more	user-friendly	and	general	methods	 for	 the	synthesis	of	aryl	boronic	acids	
and	esters	are	needed.		
	
Transmetallation	of	arylsilanes	and	arylstannanes	
The	earliest	synthesis	of	aromatic	boronic	acids	dates	back	to	1880	and	is	based	on	the	reaction	of	
diaryl	 mercury	 compounds	 with	 BCl3	 followed	 by	 an	 acidic	 workup.40	However,	 this	 method	 has	
remained	 largely	 unexploited	 due	 to	 safety	 and	 environmental	 issues	 associated	 with	 the	 use	 of	
organomercuric	 compounds.41	Less	problematic	 trialkylarylsilanes	and	 stannanes	 can	also	engage	 in	
transmetalation	 reactions	 with	 triaholoboranes	 with	 favorable	 thermodynamics	 arising	 from	 the	
formation	 of	 highly	 stable	 Si-halogen	 or	 Sn-halogen	 bonds	 (Scheme	 3.4).	 The	 resulting	 arylboron	
dihalides	 can	be	 further	 transformed	 into	 the	 corresponding	 acid	 or	 ester	 derivative	 using	 acids	 or	
diols	 in	 the	 subsequent	 workup,	 respectively.	 The	 ipso-borylation	 of	 arylsilanes	 is	 particularly	
attractive	due	to	the	benign	nature	of	these	type	of	substrates	as	well	as	a	mild	reactivity,	providing	
an	improved	functional	group	tolerance	when	compared	with	harsh	organometallic	species.		
	
	
Scheme	3.4.	Ipso-destannylation	or	desilylation/borylation	strategy.	
	
3.1.2.2.	Transition	metal-catalyzed	methods	
	
Transition	metal-catalyzed	borylation	of	aryl	halides	and	related	electrophiles	
	
                                                
38	Kristensen,	J.;	Lysen,	M.;	Vedso,	P.;	Begtrup,	M.	Org.	Lett.	2001,	3,	1435.		
39	For	selected	examples:	(a)	Hasan,	I.;	Marinelli,	E.	R.;	Chang	Lin,	L.-C.;	Fowler,	F.	W.;	Levy,	A.	B.	J.	Org.	Chem.	1981,	46,	
157.	(b)	Roques,	B.	P.;	Florentin,	D.;	Callanquin,	M.	J.	Heterocycl.	Chem.	1975,	12,	195.	(d)	Huang,	H.-C.;	Chamberlain,	T.	
S.;	Seibert,	K.;	Koboldt,	C.	M.;	Isakson,	P.	C.;	Reitz,	D.	B.	Bioorg.	Med.	Chem.	Lett.	1995,	5,	2377.		
40	(a)	Michaelis,	A.;	Becker,	P.	Ber.	1880,	13,	58.	(b)	Michaelis,	A.;	Becker,	P.	Ber.	1882,	15,	180.		
41	(a)	 Chivers,	 T.	Can.	 J.	 Chem.	1970,	 48,	 3856.	 (b)	Haubold,	W.;	Herdtle,	 J.;	Gollinger,	W.;	 Einholz,	W.	 J.	Organomet.	
Chem.	 1986,	 315,	 1.	 (c)	 Sharp,	 M.	 J.;	 Cheng,	 W.;	 Snieckus,	 V.	 Tetrahedron	 Lett.	 1987,	 28,	 5093.	 (d)	 Schacht,	 W.;	
Kaufmann,	D.	Chem.	Ber.	1987,	120,	2331.		
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Recently	 transition	metal-catalysis	 has	 emerged	 as	 an	 attractive	method	 for	 the	 synthesis	 of	 aryl	
boronic	 acids	 and	 esters,	 providing	 an	 alternative	 to	 the	 traditional	 routes	 involving	 electrophilic	
trapping	 of	 aryllithium	 or	magnesium	 reagents	 with	 boric	 esters	 especially	 in	 the	 case	 of	 complex	
molecules.	 In	 1995,	 Miyaura	 and	 co-workers	 demonstrated	 that	 PdCl2(dppf)	 (dppf	 =	 1,1'-
bis(diphenylphosphino)ferrocene)	enabled	the	smooth	cross-coupling	of	B2pin2	with	aryl	 iodides	and	
bormides,42a	as	well	as	aryl	triflates42b	(Scheme	3.5).	The	wider	functional	group	tolerance	of	the	so-
called	“Miyaura	borylation”	is	a	consequence	of	the	milder	conditions	and	is	reflected	in	the	reaction	
scope	 that	 includes	 carbonyl-containing	 substrates	 such	 as	benzophenones	or	 benzaldehydes.	 Such	
substrates	 would	 be	 incompatible	 with	 strategies	 involving	 metal-halogen	 exchange	 with	 reactive	
lithium	or	magnesium	reagents.	
	
	
Scheme	3.5.	Miyaura	borylation	or	aryl	(pseudo)halides.	
	
The	choice	of	an	appropriate	base	was	essential	 for	 success	of	 the	borylaton	of	aryl	halides	using	
palladium	 catalysis.	Mild	 Lewis	 bases	 such	 a	 KOAc	 or	 KOPh	were	 found	 to	 be	most	 suitable	when	
compared	with	stronger	Lewis	bases	such	as	K3PO4	or	K2CO3.	In	the	latter	case,	activation	of	the	final	
borylated	 product	 led	 to	 unwanted	 Suzuki-Miyaura	 type	 back-coupling	 reaction	 with	 the	 starting	
organohalide	substrate.	As	postulated	for	Suzuki-Miyaura	coupling	schemes,7	the	base	was	implicated	
in	the	formation	of	a	[L2Pd(Ar)(OR)]	complex	(III)	following	oxidative	addition	of	the	C-halogen	bond	
at	the	Pd0	metal	center	(Scheme	3.6,	left).43	The	Pd(II)-O	bond	thus	formed	in	intermediate	III	is	more	
reactive	 towards	 direct	 transmetalation	 of	 the	 diborane	 than	 the	 corresponding	 Pd(II)-X	 bond	 in	
intermediate	 II,	 partially	 due	 to	 the	 oxophilic	 interaction	 between	 the	 oxygen	 atom	 and	 the	 Lewis	
acidic	boron	atom.	This	interaction	generates	a	{[L2Pd(Ar)[B(OR)2]}	species	(IV)	that	is	then	well	poised	
for	reductive	elimination	to	furnish	the	desired	borylated	aryl	product.	
	
	
Scheme	3.6.	Proposed	mechanism	for	the	Miyaura	borylation	with	diborane	(left)	or	dioaxaborolane	
(right).		
	
                                                
42	(a)	Ishiyama,	T.;	Murata,	M.;	Miyaura,	N.	J.	Org.	Chem.	1995,	60,	7508.(b)	Ishiyama,	T.;	Itoh,	Y.;	Kitano,	T.;	Miyaura,	
N.	Tetrahedron	Lett.	1997,	38,	3447.		
43	Ishiyama,	T.;	Miyaura,	N.	J.	Organomet.	Chem.	2000,	611,	392.		
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In	 addition	 to	 diboranes,	 Matsuda	 and	 others	 reported	 that	 more	 cost-efficient	 dialkoxyboranes	
such	as	pinacolborane	(HBpin)44	could	also	be	used	as	a	boronyl	donor	in	combination	with	an	amine	
base	 (NEt3).	 The	 utilization	 of	 HBpin	may	 prove	 especially	 practical	 for	 large	 scale	 synthesis.	Other	
related	 boron	 sources	 such	 as	 catecholborane	 (HBcat)45	and	 hexyleneglycolborane	 (HBheg)46	were	
also	 shown	 to	 efficiently	 promote	 the	 borylation	 of	 organohalides.	 Overwriting	 Matsuda´s	 initial	
mechanisitic	 proposal	 relying	 on	 the	 deprotonation	 of	 HBpin	 with	 NEt3,	 Marder	 and	 co-workers	
proposed	 a	 mechanistic	 variant	 (Scheme	 3.6,	 right)	 in	 which	 NEt3	 assisted	 the	 ionization	 of	
[L2Pd(Ar)(X)]	 intermediate	 (II)	 thus	 generating	 a	 coordinatively	 unsaturated,	 14-electron	 [L2PdAr]+	
intermediate	(V).	The	latter	provides	the	Bpin-borylated	product	and	[L2PdH]	+	cation	(VI)	via	σ-bond	
methathesis	 with	 HBpin.47	It	 was	 proposed	 that	 this	 Pd(II)-hydrido	 cationic	 complex	 could	 be	
deprotonated	by	the	amine	base	thereby	regenerating	the	Pd(0)	active	species	(I).	
	
Enormous	 improvements	 have	 been	made	 in	 the	 borylation	 of	 aryl	 halides	 since	 the	 pioneering	
work	 of	 Miyaura.	 Different	 reaction	 conditions	 based	 on	 the	 use	 of	 Pd(dba)2/PCy3	 (dba	 =	
dibenzylideneacetone)	or	 	Pd(OAc)2/ICy·HCl	 catalytic	 system	enabled	 the	borylation	of	more	 readily	
available	but	more	challenging	aryl	chlorides	at	temperatures	between	80	and	110	ºC.48	In	additional	
the	 use	 of	 Buchwald-type	 phosphine	 ligands	 such	 as	 RuPhos	 (2-Dicyclohexylphosphino-2ʹ,6ʹ-
diisopropoxybiphenyl)	together	with	Pd(OAc)2	led	to	the	coupling	of	aryl	chlorides	with	B2pin2	(xx)	at	
room	temperature.49		
	
The	 borylation	 of	 less	 activated	 aryl	 mesylates	 and	 tosylates,	 however,	 remained	 a	 challenge.	
Inspired	 by	 previous	 Ni-catalyzed	 Miyaura	 borylation	 reactions	 of	 aryl	 bromides,50	Percec	 and	
coworkers	reported	the	borylation	of	aryl	mesylates	and	tosylates.	The	reported	method	relied	on	in	
situ	 formed	 neopentylglycolborane	 (HBnep)	 as	 boron	 source,	 dppf	 as	 co-ligand	 and	 Zn	 as	 external	
reductant	to	reduce	NiCl2(dppp)	precatlyst	to	Ni(0)	active	species.51	This	reaction	provides	a	platform	
for	the	synthesis	of	aryl-Bnep	products,	which	are	preferable	when	the	aryl	boronic	acids	are	targeted	
given	that	hydrolysis	proceeds	more	readily	than	in	the	case	of	pinacol	esters.	A	more	straightforward	
synthesis	of	arylboronic	was	described	by	Molander	et	al.	via	the	direct	use	of	bis-boronic	acid	(BBA)	
(xx),	 or	 tetrakis(dimethylamino)diboron	 (xx),	 a	 synthethic	 precursor	 of	 tetralkoxydiboron.	 Under	
Molander´s	 conditions,	 aryl	 triflates,	 tosylates,	 mesylates,	 and	 sulfamates	 could	 be	 coupled.52	In	
addition	to	Ni	catalysts,51	Cu,53	Zn,54	Fe,55	and	Co56	catalyst	can	be	used	as	cheaper	alternatives	to	Pd	
complexes	for	the	borylation	of	aryl	halides	and	pseudohalides.	
                                                
44	For	 selected	 references:	 (a)	Murata,	M.,	Watanabe,	 S.;	Masuda,	 Y.	 J.	 Org.	 Chem.	1997,	 62,	 6458.	 (b)	 Baudoin,	 O.;	
Guenard,	D.;	Gueritte,	 F.	 J.	Org.	Chem.	2000,	65,	 9268.	 (c)	Murata,	M.;	 Sambommatsu,	T.;	Watanabe,	 S.;	Masuda,	Y.	
Synlett	2006,	1867.	(d)	(d)	Billingsley,	K.	L.;	Buchwald,	S.	L.	J.	Org.	Chem.	2008,	73,	5589.	
45	Murata,	M.;	Oyama,	T.;	Watanabe,	S.;	Masuda,	Y.	J.	Org.	Chem.	2000,	65,	164.		
46	(a)	Murata,	M.;	Oda,	T.;	Watanabe,	S.;	Masuda,	Y.	Synthesis	2007,	351.	(b)	PraveenGanesh,	N.;	Chavant,	P.	Y.	Eur.	J.	
Org.	Chem.	2008,	4690.	(c)	PraveenGanesh,	N.;	Demory,	E.;	Gamon,	C.;	Blandin,	V.;	Chavant,	P.	Y.	Synlett	2010,	2403.	
47	Lam,	K.	C.;	Marder,	T.	B.;	Lin,	Z.	Organometallics	2010,	29,	1849.	
48	(a)	 Ishiyama,	 T.;	 Ishida,	 K.;	Miyaura,	N.	Tetrahedron	2001,	57,	 9813.(b)	 Fürstner;	A.;	 Seidel,	G.	Org.	 Lett.	2002,	4,	
541.		
49	Billingsley,	K,	L.;	Barder,	T.	E.;	Buchwald,	S.	L.	Angew.	Chem.	Int.	Ed.	2007,	46,	5359.		
50	For	selected	references:	(a)	Morgan,	A.	B.;	Jurs,	J.	L.;	Tour,	J.	M.	J.	Appl.	Polym.	Sci.	2000,	76,	1257.	(b)	Rosen,	B.	M.;	
Huang,	C.;	Percec,	V.	Org.	Lett.	2008,	10,	2597.	(c)	Wilson,	D.	A.;	Wilson,	C.	J.;	Rosen,	B.	M.;	Percec,	V.	Org.	Lett.	2008,	
10,	4879.		
51	Wilson,	D.	A.;	Wilson,	C.	J.;	Moldoveanu,	C.;	Resmerita,	A.-M.;	Corcoran,	P.;	Hoang,	L.	M.;	Rosen,	B.	M.;	Percec,	V.	J.	
Am.	Chem.	Soc.	2010,	132,	1800.	
52	Molander.	G.	A.;
	
Cavalcanti,	L.	N.;	García-García,	C.	J.	Org.	Chem.	2013,	78,	6427.		
53	For	 selected	examples:	 (a)	 Zhu,	W.;	Ma,	D.	Org.	 Lett.	2006,	8,	 261.	 (b)	 Kleeberg,	 C.;	Dang,	 L.;	 Lin,	 Z.;	Marder	 T.	 B.	
Angew.	 Chem.	 Int.	 Ed.	 2009,	 48,	 5350.(c)	 Niwa,	 T.;	 Ochiai,	 H.;	 Watanabe,	 Y.;	 Hosoya,	 T.J.	 Am.	 Chem.	
Soc.2015,137,14313.		
54	(a)	Nagashima,	Y.;	Takita,	R.;	Yoshida,	K.;	Hirano,	K.;	Uchiyama,	M.	J.	Am.	Chem.	Soc.	2013,	135,	18730.	(b)	Bose,	S.	K.;	
Marder,	T.	B.	Org.	Lett.	2014,	16,	4562.	(c)	Bose,S.	K.;	Deiβenberger,	A.;	Eichhorn,	A.;	Steel,	P.	G.;	Lin,	Z.	Y.;	Marder,	T.	B.	
Angew.	Chem.,	Int.	Ed.	2015,	54,	11843.		
55	(a)	Marciasini,	 L.	 D.;	 Richy,	 N.;	 Vaultier,	M.;	 Pucheault,	M.	Adv.	 Synth.	 Catal.	 2013,	 355,	 1083.	 (b)	 Bedford,	 R.	 B.;	
Brenner,	P.B.;	Carter,	E.;	Clifton,	J.;	Cogswell,	P.	M.;	Gower,	N.	J.;	Haddow,	M.	F.;	Harvey,	J.	N.;	Kehl,	J.	A.;	Murphy,	D.	M.;	
Neeve,	E.	C.;	Neidig,	M.;	Nunn,	J.;	Snyder,	B.	E.	R.;	Taylor,	J.	Organometallics	2014,	33,	5767.		
56	Yao,	W.;	Fang,	H.;	Peng,	S.;	Wen,	H.;	Zhang,	L.;	Hu,	A.;	Huang,	Z.	Organometallics	2016,	35,	1559.		
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More	recently,	efforts	have	been	focused	on	the	expansion	and	diversification	of	electrophiles	used	
in	Miyaura-type	borylation	schemes.	Towards	this	goal,	mild	and	metal-free	borylation	methods	 for	
aryl	diazonium	salts,57	aryl	aryltriazenes,58	and	aryl	iodonium59	acetates	have	been	developed.	Tobisu	
and	Chatani	reported	a	borylation	strategy	of	arylnitriles	building	on	the	ability	of	Rh(I)	complexes	to	
activate	C(sp2)-CN	bonds.60	Low	valent	Ni	species	can	borylate	aryl	amides61	or	aryl	ammonium	salts62	
via	 C(sp2)	 -N	 bond	 cleavage,	 as	 well	 as	 aryl	 benzoates	 via	 decarbonylation.63	More	 recently,	 our	
research	 group	 reported	 a	 Ni(0)-catalyzed	 Bnep-borylation	 or	 aryl	 fluorides	 that,	 unlike	 previous	
reports,64	does	not	require	highly	reactive	boryl	lithium	species.65	
	
Transition	metal-catalyzed	C-H	bond	borylation	
A	 remarkable	 breakthrough	 related	 to	 the	 synthesis	 of	 organoboron	 compounds	 is	 the	 direct	
borylation	 of	 arenes	 via	 metal-catalyzed	 C-H	 bond	 functionalization,	 an	 approach	 which	 is	 highly	
attractive	 both	 in	 terms	 of	 atom-	 and	 step-economy.19	 This	 concept	 was	 first	 introduced	 in	 the	
borylation	 arena	 in	 1999,	when	Hartwig	 developed	 a	 photochemical	 [Cp*Rh(CO)3]	 (Cp*	 =	 1,2,3,4,5-
pentamethylcyclopentadiene)	 catalyzed	 borylation	 of	 alkenes	 with	 B2pin2.66	Subsequently,	 several	
reports	 including	 those	 of	 Smith,	 Hartwig,	 Miyaura,	 and	 Marder	 left	 their	 footprint	 in	 the	 metal-
catalyzed	 arene	 borylation	 field.19	 In	 2000,	 Hartwig	 and	 coworkers	 developed	 a	 protocol	 for	 the	
borylation	of	benzene	using	 [Cp*Rh(h4-C6Me6)3]	as	 the	catalyst	and	B2pin2	under	high	 temperatures	
(150	 ºC).67,68	Concurrent	with	 these	 effort,	 Smith	 and	 co-workers	 reported	 the	 borylation	 of	 arenes	
with	 HBpin	 using	 the	 former	 Rh-based	 catalyst	 or	 [Cp*Ir(PMe3)(H)(Bpin)]	 at	 150	 ºC.69	The	 authors	
showed	that	the	Rh	catalyst	was	more	efficient	in	terms	of	turnover	numbers	but	less	selective	as	it	
also	 borylated	 benzylic	 C-H	 and	 aliphatic	 C-halogen	 bonds.	 After	 several	 improvements	 in	 Ir-
catalyzed	 C(sp2)-H	 borylation	 methods,19	 the	 most	 efficient	 catalytic	 system	 reported	 hitherto	
consists	of	an	[Ir(COD)(OMe)]2	precatalyst	and	4,4´-ditertbutyl-2,2´-bipyridine	(dtbpy)	ligand	(Scheme	
3.7).70	This	 catalytic	 system	allows	 for	 the	 room	temperature	borylation	of	a	broad	 range	of	arenes	
and	heteroarenes	bearing	different	 functional	groups	such	as	halides	 (-I,-	Br,	 -Cl),	alkoxides,	nitriles,	
and	esters	with	high	levels	of	steric	regiocontrol.		
	
                                                
57	Mo,	F.;	Jiang,	Y.;	Qiu,	D.;	Zhang,	Y.;	Wang,	J.	Angew.	Chem.	Int.	Ed.	2010,	49,	1846.		
58	Zhu,	C.;	Yamane,	M.	Org.	Lett.	2012,	14,	4560.	
59	Miralles,	N.;	Romero,	R.	M.;	Fernández,	E.;	Muñiz,	K.	Chem.	Commun.	2015,	51,	14068.	
60	Tobisu,	M.;	Kinuta,	H.;	Kita,	Y.;	Rémond,	E.;	Chatani,	N.	J.	Am.	Chem.	Soc.	2012,	134,	115.		
61	Tobisu,	M.;	Nakamura,	K.;	Chatani,	N.	J.	Am.	Chem.	Soc.	2014,	136,	5587.	
62	Zhang,	H.;	Hagihara,	S.;	Itami.,	K.	Chem.	Eur.	J.	2015,	21,	16796.	
63	Pu,	X.;	Hu,	J.;	Zhao,	Y.;	Shi,	Z.	ACS	Catal.	2016,	6,	6692.		
64	Segawa,	Y.;	Suzuki,	Y.;	Yamashita,	M.;	Nozaki,	K.	J.	Am.	Chem.	Soc.	2008,	130,	16069.		
65	(a)	Liu,	X.-W.;	Echavarren,	J.;	Zarate,	C.;	Martin,	R.	J.	Am.	Chem.	Soc.	2015,	137,	12470.	For	later	related	fluoroarenes	
borylation:	(b)	Niwa,	T.;	Ochiai,	H.;	Watanabe,	Y.;	Hosoya,	T.	J.	Am.	Chem.	Soc.	2015,	137,	14313.	(c)	Zhou,	J.;	Kuntze-
Fechner,	M.;	Bertermann,	R.;	Paul,	U.	S.	D.;	Berthel,	J.	H.	J.;	Friedrich,	A.;	Du,	Z.;	Marder,	T.	B.;	Radius,	U.	J.	Am.	Chem.	
Soc.	2016,	138,	5250.		
66	Chen,	H.;	Hartwig,	J.	F.	Angew.	Chem.	Int.	Ed.	1999,	38,	3391.	
67	Chen,	H.	Y.;	Schlecht,	S.;	Semple,	T.	C.;	Hartwig,	J.	F.	Science	2000,	287,	1995.		
68	Smith	and	co-workers	previously	reported	arene	borylation	with	HBpin	with	three	turnover	numbers:	 Iverson,	C.	N.;	
Smith,	M.	R.	J.	Am.	Chem.	Soc.	1999,	121,7696.		
69	Cho,	J-Y;	Iverson,	C.	N;	Smith,	M.	R.	III	J.	Am.	Chem.	Soc.	2000,	122,	12868.	
70	(a)	Ishiyama,	T.;	Takagi,	J.;	Hartwig,	J.	F.;	Miyaura,	N.	Angew.	Chem.,	Int.	Ed.	2002,	41,	3056.	(b)	Ishiyama,	T.;	Miyaura,	
N.	Pure	Appl.	Chem.	2006,	78,	1369.		
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Scheme	3.7.	Arene	borylation	with	B2pin2	catalyzed	by	[Ir(COD)(OMe)]2	and	dtbpy.	
	
	
Based	 on	 NMR	 spectroscopic	 studies,	 isolation	 of	 reaction	 intermediates	 as	 well	 as	 kinetic	 data,	
Hartwig	and	co-workers	proposed	the	mechanism	for	the	Ir-catalyzed	borylation	of	arenes	depicted	in	
Scheme	3.8.	 It	was	demonstrated	that	the	stable	trisboryl	 Ir-dtbpy	complex	xx	 is	the	active	catalytic	
species	 generated	 from	 [Ir(COE)(OMe)]2,	 dtbpy,	 and	 B2pin2.	 Entry	 of	 the	 active	 species	 into	 the	
catalytic	 cycle	 takes	 place	 upon	 reversible	 COE	 dissociation	 from	 xx	 and	 the	 resulting	 16-electron	
intemediate	 subsequently	 reacts	with	 the	 arene	 to	 form	 the	 borylated	 product.	 This	 latter	 process	
was	proposed	to	take	place	via	turnover	limiting	oxidative	addition	of	the	aryl	C-H	bond	to	form	an	
Ir(V)	 intermediate	 (xx).	 The	 latter	 intermediate	 reductively	 eliminates	 ArBpin	 generating	 a	 Ir(III)	
complex	 (xx).	 Finally,	oxidative	addition	of	B2pin2	 followed	by	 reductive	elimination	of	HBpin	would	
regenerate	the	active	Ir	trisboryl	complex	(xx).71	
 
	
Scheme	3.8.	Mechanistic	proposal	for	the	Ir/dtbpy-catalyzed	borylation	of	arenes.	
	
Although	 significant	 advances	 have	 been	 made	 in	 transition-metal	 catalyzed	 C-H	 borylation,19	
including	 the	 development	 of	 	 base	 metal	 catalysts	 for	 this	 purpose, 72 	sterically	 controlled	
regioselectivity	 still	 remains	 a	 major	 challenge	 for	 substrates	 other	 than	 1,3-disubstituted	 arenes.	
These	 substrates	 exclusively	 undergo	 borylation	 at	 the	 less	 sterically	 hindered	meta	 position73	thus	
                                                
71	Boller,	T.	M.;	Murphy,	J.	M.;	Hapke,	M.;	Ishiyama,	T.;	Miyaura,	N.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2005,	127,	14263.		
72	(a)	Hatanaka,	T.;	Ohki,	Y.;	Tatsumi,	K.	Chem.	Asian	J.	2010,	5,	1657.	(b)	Yan,	G.;
	
Jiang,	Y.;	Kuang,	C.;	Wang,	S.;	Liu,	H.;	
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137,	4062.	(f)	Furukawa,	T.;	Mamoru,	T.;	Chatani,	N.	Chem.	Commun.	2015,	51,	6508.	(g)	Zhang,	H.;	Hagihara,	S.;	Itami,	
K.	Chem.	Lett.	2015,	44,	779.		
73	Anisole,	for	 instance,	reacts	with	74%	meta	and	25%	para	borylation:	 Ishiyama,	T.;	Miyaura,	N.	Chem.	Rec.	2004,	3,	
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complementing	 DoM/borylation	 pathways.	 In	 the	 case	 of	 five-memebered	 heterocycles	 such	 as	
(benzo)pyrrol,	 furan,	 or	 tiophene,	 regioselectivity	 is	 dictated	 by	 electronics	 and	 takes	 place	 at	 the	
most	 acidic	a	 C-H	bond.	However,	 recent	 advances	 in	 Ir-catalyzed	borylation	of	 arenes	 have	been	
focused	 on	 the	 development	 of	 ortho-directed	 C-H	 bond	 borylation	 techniques.19a	 For	 instance,	 a	
heterogeneous	 silica-supported	 Ir-phosphine	 catalytic	 system	 afforded	 borylation	 of	 the	 C-H	 bond	
ortho	 to	 a	 directing	 ester,	 amide,	 sulfonate,	 alkoxymethyl,	 acetal,	 or	 chloro	 group.74	Moreover,	
homogeneous	 systems	 based	 on	 [Ir(COD)(OMe)]2	 and	 dtbpy	 or	 phosphines	 ligands	 have	 been	
demonstrated	to	catalyze	borylation	at	the	C-H	bond	ortho	to	a	hydrosilyl	susbstituent75	or	a	phenyl	
ester,	76	respectively.	Very	recently,	Kanai	and	co-workers	achieved	a	meta-selective	Ir-catalyzed	C–H	
bond	borylation	of	 aromatic	 compounds.77	A	 secondary	 interaction	between	 the	pendant	 urea	 in	 a	
bipyridine-derived	ligand	and	a	hydrogen-bond	acceptor	in	the	substrate	directs	the	Ir	center	near	the	
meta	aryl	C–H	bond	thus	accounting	for	this	otherwise	elusive	regioselectivity.	
	
3.1.2.3.	Unconventional	metal-free	borylation	of	aryl	halides	and	arenes	
	
Metal-free	borylation	of	C(sp2)—halogen	bonds	
Zhang	 and	 co-workers	 recently	 reported	 that	 aryl	 iodides	 could	 be	 borylated	with	 B2pin2	 (xx)	 by	
simply	using	stoichiometric	amounts	of	Cs2CO3	in	refluxing	methanol.78	The	reaction	time	ranged	from	
several	 hours	 to	 days	 and	 the	 yields	 were	 generally	 moderate.	 The	 authors	 did	 not	 provide	 a	
mechanistic	rationale	for	this	intriguing	transformation	although	they	suggested	that	Cs2CO3	could	be	
involved	 in	 the	C-I	 bond	 cleavage.	However,	 as	 no	 analysis	 of	 trace	metals	was	 reported,	 catalytic	
activity	by	a	small	amount	of	a	transition	metal	impurity	cannot	be	ruled	out.	In	addition,	Ito	and	co-
workers	reported	a	transition	metal-free	borylation	of	aryl,	vinyl,	and	alkyl	iodides	and	bromides	with	
Suginome´s	 silylborane	 (xx)	 (Scheme	 3.9,	 top). 79 	This	 rather	 puzzling	 transformation	 was	
computationally	and	experimentally	probed,	and	the	intermediacy	of	a	carbanion	species	was	invoked	
that	results	from	a	halogenophilic	attack	of	the	in	situ	formed	silyl	anion.79b	
	
	
Scheme	3.9.	Transition	metal	free	strategies	for	the	borylation	of	aryl	halides.	
	
A	 contemporary	 advance	 in	 the	 synthesis	 of	 aryl	 boronic	 acids	 and	 esters	 is	 the	 metal-free	
photoinduced	 borylation	 of	 aryl	 halides,	 including	 electon-rich	 fluorobenzenes	 and	
aryltimethylammonium	 salts	 (Scheme	 3.9,	 bottom).80	These	 transformations	 provided	 very	 wide	
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78	Zhang,	J.;	Wu,	H.-H.;	Zhang,	J.	Eur.	J.	Org.	Chem.	2013,	6263.	
79	(a)	Yamamoto,	E.;	 Izumi,	K.;	Horita,	Y.;	 Ito,	H.	 J.	Am.	Chem.	Soc.	2012,	134,	19997.	 (b)	Uematsu,	R.;	Yamamoto,	E.;	
Maeda,	S.;	Ito,	H.;	Taketsugu,	T.	J.	Am.	Chem.	Soc.	2015,	137,	4090.	(c)	Yamamoto,	E.;	Ukigai,	S.;	Ito,	H.	Chem.	Sci.	2015,	
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Zhang,	S.;	He,	P.;	Li,	P.	Chem.	Sci.	2016,	7,	3676.		
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functional	 group	 tolerance	 and	 are	 amenable	 to	 large	 scale	 and	 continuous-flow	 conditions.	 The	
authors	 rationalized	 the	 unprecedented	 reactivity	 with	 aryl	 radical	 intermediates,	 which	 may	 be	
formed	by	homolytic	C-halogen	bond	cleavage	in	the	excited	state	of	the	substrate.	
	
Metal-free	borylation	of	C(sp2)—H	bonds	
Two	independent	protocols	recently	described	a	metal	free-borylation	of	heteroarenes	and	olefins	
with	 dialkoxyboranes	 using	 an	 aminoborane	 catalyst	 (Scheme	 3.10).81	The	 authors	 computationally	
and	experimentally	demonstrated	that	the	aminoborane	acts	as	a	frustrated	Lewis	pair	(FLP)	allowing	
for	a	heterolytic	 splitting	of	 the	C-H	bond	via	cooperation	of	both	 the	boryl	and	 the	amine	moiety	
present	 in	 the	 catalyst.	 This	 strategy	 allows	 for	 the	 borylation	 of	 several	 five-membered	 rings	 and	
their	benzo-fused	derivatives	obtaining,	 in	some	cases	such	as	xx,	complementary	selectivity	to	that	
observed	with	most	transition	metal	catalysts.	
	
	
Scheme	3.10.	FLP-catalyzed	borylation	of	heteroarenes.	
	
3.1.2.4.	Electrophilic	aromatic	substitution	
	
A	 classical	 method	 for	 direct	 C-H	 functionalization	 without	 the	 use	 of	 expensive	 noble	 metal	
catalysts	is	electrophilic	aromatic	substitution.	In	terms	of	borylation,	the	generation	of	boron-based	
cations	 (Scheme	3.11.)	have	 led	to	the	design	of	electrophilic	aromatic	borylation	techniques	which	
provide	 complementary	 selectivity	 to	 transition	 Ir-catalyzed	 C-H	 functionalization	 methods	
(electronic	vs.	steric	control).	
	
	
Scheme	3.11.	Boron	monocation	nomenclature.	
	
The	pioneering	work	of	Mutterties	and	Lappert	showed	the	borylation	of	alkylarenes	with	a	mixture	
of	BCl3	and	AlCl3	using	the	Al	species	to	sequester	the	HX	product	and	produce	hydrogen.82	Although	
                                                
81	(a)	 Légaré,	M.A.;	 Courtemanche,	M.	A.;	 Rochette,	 É.;	 Fontaine,	 F.	G.	Science	2015,	349,	 513.	 (b)	 Chernichenko,	 K.;	
Lindqvist,	M.;	Kótai,	B.;	Nieger,	M.;	Sorochkina,	K.;	Pápai,	I.;	Repo,	T.	J.	Am.	Chem.	Soc.	2016,	138,	4860.	
82	(a)	Muetterties,	E.	L.	J.	Am.	Chem.	Soc.	1959,	81,	2597.	(b)	Bujwid,	Z.	J.;	Gerrard,	W.;	Lappert,	M.	F.	Chem.	Ind.	1959,	
1091.	(c)	Muetterties,	E.	L.	J.	Am.	Chem.	Soc.	1960,	82,	4163.	(d)	Muetterties,	E.	L.;	Tebbe,	F.	N.	 Inorg.	Chem.	1968,	7,	
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the	mechanism	 and	 the	 identity	 of	 the	 electrophilic	 boron	 species	 still	 remain	 unclear,	Mutterties	
proposed	{[BCl2(solvent)][AlCl4]}	(solvent	=	arene)	as	the	key	electrophile,82c	whereas	Olah	suggested	
the	 intermediacy	 of	 [Cl2B(μ-Cl)AlCl3].83	Unfortunately,	 the	 harsh	 reaction	 conditions	 of	 these	 bora-
Friedel-Crafts	 reactions82c,84	and	 their	 limitation	 to	 arenes	 bearing	 a	 directing	 group	 for	 boron	 pre-
coordination85	have	hampered	their	widespread	application	(Scheme	3.12).	
	
	
Scheme	3.12.	General	intramolecular	electrophilic	aromatic	borylation	strategy.	
	
Recently,	Verdej	and	co-workers	reported	an	intermolecular	electrophilic	aromatic	borylation	using	
a	boron	cation	derived	 from	the	 treatment	of	9-BBN-Tf2	 (9-BBN	=	9-borabicyclo(3.3.1)nonane)	with	
NEt3	 or	 1,8-bis(dimethylamino)naphthalene	 (dan)	 (Scheme	 3.13). 86 	Under	 these	 conditions,	 a	
borenium	or	boronium	cation	with	 exceptional	 electrophilicity	 is	 generated	by	displacement	of	 the	
precoordinated	 triflimide	 anion	 by	 the	 appropriate	 ligand	 L,	 which	 can	 borylate	 electron-rich	 N-
containing	aromatic	rings	such	as	N-methyl	pyrrole	and	indole.	
	
	
Scheme	3.13.	Intermolecular	arene	borylation	with	a	9-BBN-Tf2/amine	system.	
	
Concurrent	 with	 these	 efforts,	 Ingleson	 and	 coworkers	 reported	 a	 related	 amine-mediated	
electrophilic	borylation	strategy	consisting	of	a	mixture	of	chloroborane,	AlCl3	and	an	amine,87	which	
can	borylate	unactivated	arenes	(Scheme	3.14).87c	This	transformation	was	shown	to	be	applicable	to	
a	wide	range	of	substrates,	 including	Lewis	acid-sensitive	heteroarenes	containing	a	methoxy	group	
(xx)	 as	 well	 as	 unactivated	 arenes	 (xx).	 Ingleson	 and	 co-workers,	 using	 experimentaland	
computational	tools,	were	able	to	establish	the	nature	of	key	electrophiles	involved	in	the	reaction.	It	
was	proposed	 that	 the	borylation	of	 activated	arenes	proceeds	via	 formation	of	 a	borenium	cation	
                                                
83	Olah,	G.	A.;	Klump,	D.	A.	Superelectrophiles	and	Their	Chemistry;	Wiley:	New	York,	2008.		
84	(a)	Kotz,	J.	C.;	Post,	E.	W.	Inorg.	Chem.	1970,	9,	1661.	(b)	Ruf,	W.;	Fueller,	M.;	Siebert,	W.	J.	Organomet.	Chem.	1974,	
64,	C45.	(c)	Paetzold,	P.;	Hoffmann,	J.	Chem.	Ber.	1980,	113,	3724.		
85	For	 selected	 examples:	 (a)	 Davis,	 F.	 A.;	 Dewar,	 M.	 J.	 S.	 J.	 Am.	 Chem.	 Soc.	 1968,	 90,	 3511.	 (b)	 De	 Vries,	 T.	 S.;	
Prokofjevs,	A.;	Harvey,	J.	N.;	Vedejs,	E.	J.	Am.	Chem.	Soc.	2009,	131,	14679.	(c)	Niu,	L.;	Yang,	H.;	Wang,	R.;	Fu,	H.	Org.	
Lett.	2012,	14,	2618.	(c)	De	Vries,	T.	S.;	Prokofjevs,	A.;	Harvey,	J.	N.;	Vedejs,	E.	J.	Am.	Chem.	Soc.	2009,	131,	14679.		
86	Prokofjevs,	A.;	Kampf,	J.	W.;	Vedejs,	E.	Angew.	Chem.	Int.	Ed.	2011,	50,	2098.		
87	(a)	Del	Grosso,	A.;	Helm,	M.	D.;	Solomon,	S.	A.;	Caras-Quintero,	D.;	Ingleson,	M.	J.	Chem.	Commun.	2011,	47,	12459.	
(b)	Del	Grosso,	A.;	 Singleton,	 P.	 J.;	Muryn,	 C.	A.;	 Ingleson,	M.	 J.	Angew.	Chem.,	 Int.	 Ed.	2011,	50,	 2102.	Bagutski,	 V.;	
Grosso,	A.	D.;	Carrillo,	J.	A.;	Cade,	I.	A.;	Helm,	M.	D.	J.;	Lawson,	R.;	Singleton,	P.	J.;	Solomon,	S.	A.;	Marcelli,	T.;	Ingleson,	
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(xx),	which	promotes	an	electrophilic	aromatic	substitution	mechanism	(Scheme	3.14,	left).	However,	
it	 was	 demonstrated	 thatborenium	 cations	 cannot	 borylate	 unactivated	 substrates	 such	 as	
alkylbenzenes	 even	 at	 high	 temperatures.	 Therefore,	 it	 was	 proposed	 that	 the	 key	 electrophile	
involved	 in	 these	 transformations	 is	 adduct	 resulting	 from	 the	 interaction	 between	AlCl3	 and	 Y2BCl	
(Scheme	3.14,	right).	
	
	
Scheme	3.14.	Intermolecular	arene	borylation	with	a	BX3/AlCl3/amine	system.	
 
3.1.2.5.	Cycloaddition	pathways 
	
An	alternative	but	less	general	approach	towards	the	synthesis	of	(hetero)aromatic	boronic	esters	is	
the	 cycloaddition	 of	 alkynylboronates.	 Harrity	 first	 described	 a	 Dötz-type	 cycloaddition	 of	 Fischer	
chromium	 carbene	 species	 with	 2-substituted	 alkynyl	 pinacol	 boronates	 as	 a	 highly	 regioselective	
synthesis	 of	 borylated	 hydroquinone	 derivatives,	 which,	 upon	 treatment	 with	 cerium	 ammonium	
nitrate	(CAN),	provided	the	corresponding	Bpin-quinone	(Scheme	3.15,	path	a).88	The	same	research	
group	later	reported	that	a	[4+2]	cycloaddition	of	alkylBpin	species	with	different	cyclic	dienes	at	high	
temperatures	(>	140	ºC)	affords	borylated	six-membered	aromatic	and	heteroaromatic	rings	(Scheme	
3.15,	path	b).89	Therefore	by	extension,	[3+2]	cycloaddition	of	azides,90	sydnones,91	or	nitrile	oxides,92	
also	 at	 high	 temperatures,	 allows	 for	 the	 preparation	 of	 borylated	 triazole,	 pyrazole,	 or	 isoxazole	
rings,	respectively.	Harrity	and	co-workers	also	reported	the	synthesis	of	phenyl	pinacol	boronates	via	
a	mild	 cobalt-catalyzed	 [4+2]	 cycloaddition	 of	 alkylBpin	with	 dienes	 at	 room	 temperature	 (Scheme	
3.15,	 path	 c).93	In	 a	 follow-up	 publication,	 it	 was	 demonstrated	 that	 similar	 borylated	 compounds	
could	 be	 accessed	 under	mild	 conditions	 via	 Ni-catalyzed	 benzaanulation	 of	 alkynylboronates	with	
cyclobutenones	(Scheme	3.15,	path	d).94	
	
	
	
                                                
88	(a)	 Davies,	M.	W.;	 Johnson,	 C.	 N.;	 Harrity	 J.	 P.	 A.	Chem.	 Commun.	1999,	 2107.	 (b)	 Davies,	M.	W.;	 Johnson,	 C.	 N.;	
Harrity	J.	P.	A.	J.	Org.	Chem.	2001,	66,	3525.		
89	(a)	Moore,	J.	E.;	York,	M.;	Harrity	J.	P.	A.	Synlett	2005,	860.	(b)	Vivat,	J.	F.;	Adams,	H.;	Harrity,	J.	P.	H.	Org.	Lett.	2010,	
12,	160.	(c)	Kirkham,	J.	D.;	Leach,	A.	G.;	Row,	E.	C.;	Harrity,	J.	P.	A.	Synthesis	2012,	44,	1964.	(d)	Kirkham,	J.	D.;	Butlin,	R.	
J.;	Harrity,	J.	P.	A.	Angew.	Chem.	Int.	Ed.	2012,	51,	6402	and	citations	therein.		
90	Huang,	J.;	Macdonald,	S.	J.	F.;	Cooper,	A.	W.	J.;	Fisher,	G.;	Harrity	J.	P.	A.	Tetrahedro	Lett.	2009,	50,	5539.		
91	Browne,	D.	L.;	Vivat,	J.	F.;	Plant,	A.;	Gomez-Bengoa,	E.;	Harrity,	J.	P.	A.	J.	Am.	Chem.	Soc.	2009,	131,	7762.		
92	Davies,	M.	W.;	Wybrow,	R.	A.	J.;	Johnson,	C.	N.;	Harrity,	J.	P.	A.	Chem.	Commun.	2001,	1558.	(b)	Moore,	J.	E.;	Davies,	
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Scheme	3.15.	Synthesis	of	arylboronic	esters	via	cycloaddition	of	alkynylboronates.	
	
3.1.3.	Preparation	of	benzylic	boronic	esters	
	
Benzylic	 boronates	 are	 equally	 usefulintermediates	 in	 organic	 synthesis	 as	 they	 can	 be	 readily	
converted	to	synthethically	valuable	diarylmethanes,	benzyl	alcohols,	and	benzylic	amines.1	However,	
the	 preparation	 of	 benzylic	 boronates	 via	 some	 of	 the	 protocols	 mentioned	 previously	 is	 not	 as	
straightforward	 as	 the	 case	 of	 aryl	 derivatives.	 Benzylic	 boronic	 acid	 derivatives	 are	 commonly	
prepared	 by	 electrophilic	 trapping	 of	 benzyl	 lithium	 or	 magnesium	 reagents	 with	 trialkylborates,	
followed	 by	 acidification	 or	 transesterification	 with	 a	 chelating	 diol.1	 Although	 high	 yielding,	 this	
method	is	limited	by	the	use	of	highly	reactive	organometallic	species	that	therefore	seriously	limits	
the	 functional	 group	 tolerance.	 Miyaura-type	 borylation	 provides	 a	 milder	 way	 of	 synthesizing	
benzylic	 boronates,7,42	 however	 yields	 and	 scope	 are	 generally	 lower	 when	 compared	 with	 the	
borylation	 of	 arylhalides.95	In	 addition,	 both	 synthethic	 pathways	 required	 the	 intermediacy	 of	
benzylic	 halides,	 which	 are	 normally	 generated	 via	 radical	 halogenation	 of	 alkylarenes,	 processes	
usually	characterized	by	their	harsh	reaction	conditions	and	lack	of	selectivity.	96	Furthermore,	it	must	
be	 noted	 that	 primary	 benzylic	 boronates	 cannotbe	 prepared	 by	 hydroboration	 by	 current	
methods.97	A	C-H	borylation	strategy	 for	 the	synthesis	of	benzylic	boronates	 faces	 the	challenge	of	
directing	the	borylation	to	a	benzylic	C-H	bond	over	typically	more	reactive	aryl	C-H	bonds.	Although	
the	selective	borylation	of	benzylic	C-H	bonds	has	been	achieved	using	Pd98	or	Rh	catalysts,99	these	
methods	present	poor	functional	group	tolerance	and	require	large	excesses	of	methylarene.		
	
The	above	mentioned	problems	were	partially	overcome	in	a	silyl-directed	Ir-catalyzed	mono-	and	
bis-borylation	 of	 primary	 and	 secondary	 alkylarenes	 reported	 by	 Hartwig. 100 	The	 same	 group	
subsequently	described	a	direct	 Ir-catalyzed	benzylic	borylation	method	employing	Et3SiBpin	 (xx)	as	
boron	source	and	an	Ir	catalyst	containing	a	more	weakly	donating	dative	ligand	than	the	commonly	
used	 dtbpy.101	The	 success	 of	 this	 benzylic	 functionalization	 relies	 on	 the	 formation	 of	 an	 Ir	
                                                
95	Same	issues	were	found	in	the	benzylic	C(sp3)-N	bond	borylation:	see	ref.	60,62.	However	Watson	reported	a	
stereospecific	Ni-catalyzed	benzylic	borylation	of	ammonium	salts:	Basch,	C.	H.;	Cobb,	K.	M.;	Watson,	M.	P.	Org.	Lett.	
2016,	18,	136.		
96	(a)	Togo,	H.	Advanced	Free	Radical	Reactions	for	Organic	Synthesis;	Elsevier,	2004.		
97	For	 reviews	 in	 hydroboration:	 (a)	 Burgess,	 K.;	 Ohlmeyer,	 M.	 J.	 Chem.	 Rev.	 1991,	 91,	 1179.	 (b)	 Crudden,	 C.	 M.;	
Edwards,	D.	Eur.	J.	Org.	Chem.	2003,	4695.		
98	Ishiyama,	T.;	Ishida,	K.;	Takagi,	J.;	Miyaura,	N.	Chem.	Lett.	30,	1082.	
99	Shimada,	S.,	Batsanov,	A.	S.;	Howard,	J.	A.	K.;	Marder,	T.	B.	Angew.	Chem.	Int.	Ed.	40,	2168.		
100	(a)	Cho,	S.	H.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2013,	135,	8157.	(b)	Cho,	S.	H.;	Hartwig,	J.	F.	Chem.	Sci.	2014,	5,	694.	
101	Larsen,	M.	A.;	Wilson,	C.	V.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2015,	137,	8633.	
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diborylmonosilyl	complex	(xx)	that	is	more	electron-deficient	than	the	previously	reported	Ir	trisboryl	
complex	 for	 C(sp2)–H	 borylation	 (xx).	 This	 could	 be	 translated	 into	 a	 decreased	 rate	 of	 aryl	 C-H	
borylation	while	 the	rate	of	benzylic	C–H	borylation	was	not	significantly	affected	since	C(sp3)-	and	
C(sp2)-H	 functionalization	 pathways	 possess	 a	 different	 turnover-limiting	 step.	 Chirik	 et	 al.	 have	
described	the	synthesis	of	geminal	bisboronic	esters	using	a	readily	available	Co/diamine	catalyst.102	
Unfortunately,	the	rather	high	catalyst	loading,	long	reaction	times	(48	–	120	h),	and	poor	functional	
group	tolerance	certainly	limits	the	widespread	applicability	of	this	protocol.		
	
3.2.	Ni-catalyzed	Borylation	of	Aryl	and	Benzyl	Methyl	Ethers	
	
It	has	been	demonstrated	that	phenol	derivatives	that	easily	undergo	oxidative	addition	to	Pd(0)	or	
Ni(0)	species,	such	as	aryl	triflates,	mesylates,	and	tosylates	can	be	efficiently	borylated.51,52	However,	
as	 detailed	 in	 the	 introduction	 of	 this	 dissertation,	 there	 are	 very	 few	 examples	 that	 demonstrate	
borylation	of	more	challenging	C(sp2)-	or	C(sp3)-O	electrophiles	 (Scheme	3.2).103	Shi	and	coworkers	
have	 reported	 a	 Ni-catalyzed	 borylation	 of	 aryl	 carbamates	 (xx),104	whereas	 Tobisu	 and	 Chatani	
showed	that	Rh(I)	species	are	able	to	borylate	aryl	and	alkenyl	pivalates	 (xx).105	The	former	authors	
also	 demonstrated	 that	 aryl	 and	 benzyl	 2-pyridyl	 ethers	 (xx)	 can	 be	 borylated	 using	 Rh106	or	 Ni107	
catalysts,	 a	 strategy	 that	 complements	 the	 ortho-selectivity	 previously	 observed	 with	 similar	
substrates.85c		
	
	
	
Figure	3.2.	Phenol	derivatives	employed	in	C-O	bond	borylation.	
	
However,	 commercialy	 available	 aryl	 methyl	 ethers,	 which	 are	 the	 simplest	 derivatives	 from	 the	
phenol	series,	have	not	been	used	for	C-O	borylation	as	C-OMe	bonds	remain	unreactive	in	the	C-O	
bond	 borylation	methodologies	 described	 previously.	 This	 is	 due	 to	 the	 remarkably	 high	 activation	
energy	required	for	C-OMe	bond	scission,	the	low	propensity	of	methoxy	to	act	as	leaving	group,	and	
the	low	reactivity	of	boron-based	nucleophiles	as	compared	to	highly	reactive	organometallic	species.	
In	 the	 present	 chapter	we	 report	 a	 previously	 unrecognized	 opportunity	 in	 the	 field	 of	 C-O	bond-
functionalization	 for	 promoting	 a	 catalytic	 ipso-borylation	 technique	 via	 C(sp2)-	 and	 C(sp3)-OMe	
cleavage. 108 , 109 	This	 transformation	 complements	 existing	 ortho-,	 meta-	 and	 para-borylation	
                                                
102	Palmer,	W.	N.;	Obligacion,	J.	V.;	Pappas,	I.;	Chirik,	P.	J.	J.	Am.	Chem.	Soc.	2016,	138,	766.	
103	(a)	Su,	B.;	Cao,	Z.	–C.;	Shi,	Z.	–J.	Acc.	Chem.	Res.	2015,	48,	886.	(b)	Tobisu,	M.;	Chatani,	N.	Top.	Curr.	Chem.	2016,	41,	
374.	(c)	Zarate,	C.;	van	Gemmeren,	M.;	Somerville,	R.	J.;	Martin,	R.	Phenol	Derivatives:	Modern	Electrophiles	in	Cross-
Coupling.	In	Advances	in	Organometallic	Chemistry.	Pérez,	P.	J.	Ed.;	Elsevier:	Cambridge,	MA,	United	States,	2016;	Vol.	
66,	pp.	143.	
104	Huang,	K.;	Yu,	D.-G.;	Zheng,	S.-F.;	Wu,	Z.-H.;	Shi,	Z.-J.	Chem.-Eur.	J.	2011,	17,	786.	
105	Kinuta,	H.;	Hasegawa,	J.;	Tobisu,	M.;	Chatani,	N.	Chem.	Lett.	2015,	44,	366.	
106	Kinuta,	H.;	Tobisu,	M.;	Chatani,	N.	J.	Am.	Chem.	Soc.	2015,	137,	1593.	
107	Tobisu,	M.;	Zhao,	J.;	Kinuta,	H.;	Furukawa,	T.;	Igarashi,	T.;	Chatani,	N.	Adv.	Synth.	Catal.	2016,	358,	2417.		
108	Zarate,	C.;	Manzano,	R.;	Martin,	R.	J.	Am.	Chem.	Soc.	2015,	137,	6754.		
109	After	 publishing	 our	 Ni-catalyzed	 borylation	 of	 aryl	 methyl	 ethers,	 a	 direct	 borylation	 of	 benzylic	 alcohols	 was	
achieved	via	Pd-catalyzed	C(sp3)-O	bond	cleavage:	(a)	Cao,	Z.-C.;	Luo,	F.-X.;	Shi,	W.-J.;	Shi,	Z.-S.	Org.	Chem.	Front.	2015,	
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techniques	of	aryl	ethers,	and	could	be	employed	for	late-stage	diversification	of	complex	molecules	
given	the	intrinsic	“inertness”	of	the	C-OMe	moiety.	
	
3.2.1.	Optimization	of	the	reaction	conditions110	
	
We	initiated	the	optimization	of	our	protocol	using	classical	reaction	conditions	for	cross-coupling	of	
C(sp2)-O	 electrophiles.103	 Ni-catalyzed	 borylation	 reactions	 commonly	 employ	 B2nep2	 as	 boron	
source,111	in	 contrast	 to	Pd	or	Rh-catalyzed	 transformations,	which	generally	use	 the	bulkier	B2pin2.	
This	is	likely	due	to	the	higher	sensitivity	of	Ni	metals	to	steric	hindrance	on	behalf	of	its	smaller	size.	
Accordingly,	B2nep2	was	utilized	as	coupling	partner	together	with	2-methoxynaphthalene	as	model	
substrate	 due	 to	 the	 higher	 reactivity	 of	π–extended	 systems,	which	 is	 accentuated	 in	 the	 case	 of	
challenging	 C-OMe	 electrophiles.103	We	 first	 applied	 a	 Ni(COD)2/PCy3	 catalytic	 system	 in	 toluene	
solvent	at	high	temperatures.	To	our	delight,	under	such	conditions,	the	desired	borylated	product	xx	
was	obtained	in	moderate	yields	(Table	3.1,	entry	1).	As	anticipated,	Lewis	bases	played	a	crucial	role	
in	 our	 ipso-borylation	 strategy	 likely	 favoring	 the	 formation	of	 the	 active	nucleophilic	 boryl	 species	
(entries	2	-	10).112	Hard	Lewis	bases	such	as	alkoxides	in	addition	to	NaOPh,	the	most	efficient	base	in	
the	recently	discovered	Ni-catalyzed	Bnep-borylation	of	fluoroarenes,65a	provided	negligible	amounts	
of	product	(entries	2	-	4).	However,	relatively	soluble	fluoride	sources	afforded	xx	in	good	yield	(entry	
5).	 Interestingly,	 as	 observed	 in	 Miyaura	 borylation,	 acetoxy	 bases	 promoted	 more	 efficiently	 the	
formation	of	the	borylated	product	(entries	6	-	9).	The	highest	yield	of	xx	was	obtained	with	HCO2Na,	
while	marginal	formation	of	naphthalene	was	detected	despite	the	demonstrated	reducing	character	
of	 this	 base	 in	 cross-coupling	 reactions	 (entry	 9).7a,113	In	 line	 with	 the	 borylation	 of	 haloarenes,	
stronger	 bases	 such	 as	 K3PO4	 can	 also	 activate	 the	 C(sp2)-B	 of	 the	 product	 thus	 generating	 the	
protodeborylated	product	(xx)	(entry	10).	
	
	
Entry	 Base	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 -	 55	 42	 20	
2	 NaOMe	 29	 7	 0	
3	 NaOtBu	 42	 0	 0	
4	 NaOPh	 25	 0	 0	
5	 CsF	 100	 65	 18	
6	 CsOPiv	 100	 68	 49	
7	 NaOAc	 100	 84	 19	
8	 PhCO2Na	 100	 73	 37	
9	 HCO2Na	 100	 88	(80)a	 9	
10	 K3PO4	 86	 25	 66	
                                                                                                                                      
2,	1505).	Very	recently,	a	Ni-catalyzed	boron	insertion	into	the	C2–O	bond	of	benzofurans	has	been	reported:	(b)	Saito,	
H.;	Otsuka,	S.;	Nogi,	K.;	Yorimitsu,	H.	J.	Am.	Chem.	Soc.	2016.	DOI:	10.1021/jacs.6b10255.	
110	Representative	examples	of	the	screening	of	the	reaction	conditions	are	presented	in	Tables	3.1-3.8.	
111	For	Ni-catalyzed	Bnep-borylation	of	related	challenging	substrates:	(a)	Ref.	51.	(b)	Ref.	65a.	(c)	Huang,	K.;	Yu,	D.-G.;	
Ref.	104.	(d)	Ref.	107.	
112	(a)	Pietsch,	S.;	Neeve,	E.	C.;	Apperley,	D.	C.;	Bertermann,	R.;	Mo,	F.;	Qiu.	D.;	Cheung,	M.	S.;	Dang,	Li.;	Wang,	J.;Radius,	
U.;	Lin,	Z.;	Kleeberg,	C.;	Marder,	T.	B.	Chem.	Eur.	J.	2015,	21,	7082.	
113	The	origin	of	the	hydrogen	for	the	reductive	cleavage	of	C(sp2)-OMe	bond	will	be	discuss	in	the	mechanistic	section.		
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1a	(0.50	mmol),	2a	(1.00	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	base	(1.50	mmol),	PhMe	(2.0	mL),	95	ºC,	15	h.	GC	
yield	using	decane	as	internal	standard.	a	Isolated	yield.	Bnep	=	5,5-dimethyl-1,3,2-dioxaborolane. 
	
Table	3.1.	Screening	of	bases.	
	
As	expected,	the	nature	of	the	ligand	employed	had	a	profound	influence	on	the	reaction	outcome	
(Table	3.2).	Strikingly,	good	reactivity	was	also	observed	with	PCp3,	a	rather	similar	phosphine	to	PCy3	
electronically	and	sterically,	although	higher	amounts	of	marginal	reduction	accounted	for	the	mass	
balance	 (entry	 2).	 The	 inclusion	 of	 otherwise	 related	 PCy2tBu	 or	 other	 trialkylphosphines	 had	 a	
deleterious	 effect	 on	 reactivity,	 thus	 showing	 that	 subtle	 steric	 and	 electronic	modifications	 of	 the	
ligand	had	a	tremendous	effect	on	the	reactivity	(entries	3	-	6).	Despite	the	high	efficiency	of	dcype or	
electron-rich	NHC	ligands	in	other	Ni-catalyzed	C(sp2)-OMe	activation	protocols,103	negligible	amount	
of	borylated	product	was	obtained	when	using	this	type	of	ligands	(entries	7	-	9).		
	
 
 
Entry	 Ligand	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 PCy3	 100	 88	(80)a	 9	
2	 PCp3	 100	 82	 21	
3	 PCy2tBu	 93	 65	 9	
4	 PMe3	 0	 0	 0	
5	 PtBu3	 1	 0	 0	
6	 PBu3	 0	 0	 0	
7b	 dcype	 1	 0	 0	
8c	 IPr·HCl	 6	 0	 0	
9c	 ICy·HCl	 52	 37	 0	
	
1a	 (0.50	mmol),	2a	 (1.00	mmol),	Ni(COD)2	 (10	mol%),	 L	 (20	mol%),	HCO2Na	 (1.50	mmol),	PhMe	
(2.0	mL),	95	ºC,	15h.	GC	yield	using	decane	as	internal	standard.	a	 Isolated	yield.	b	L	(10	mol%).	 c	
NaOtBu	(25	mol%)	was	used. 	
	
Table	3.2.	Screening	of	supporting	ligands.	
 
With	 these	 results	 in	 hand,	 we	 then	 focused	 our	 attention	 on	 studying	 the	 effect	 of	 the	 nickel	
precatalyst	 (Table	3.3).	Notably,	with	a	diverse	 range	of	Ni(II)	 sources	negligible	or	 low	yields	of	xx	
were	detected	(entries	2	-	9).114	A	difference	in	reactivity	was	found	when	operating	with	related	Ni(0)	
sources	 lacking	COD	(entries	10	and	11).115	This	 is	 likely	due	the	non-innocent	ancillary	character	of	
COD,	which	may	stabilize	the	putative	[Ni(PCy3)2]	species	and	prevent	decomposition	pathways.	
	
                                                
114	xx	may	reduce	Ni(II)	to	Ni(0):	Zhang,	G.;	Xie,	Y.;	Wang,	Z.;	Liu,	Y.;	Huang,	H.	Chem.	Commun.	2015,	51,	1850.	
115	(a)	Fürstner,	A.;	Majima,	K.;	Martin,	R.;	Krause,	H.;	Kattnig,	E.;	Goddard,	R.;	 Lehmann,	W.	 J.	Am.	Chem.	Soc.	2008,	
130,	1992.	(b)	Cornella,	J.;	Gómez-Bengoa,	E.;	Martin,	R.	J.	Am.	Chem.	Soc.	2013,	135,	1997.	
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Entry	 [Ni]	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 Ni(COD)2	 100	 88	(80)a	 9	
2	 NiCl2	 40	 10	 19	
3	 NiCl2(PCy3)2	 22	 0	 0	
4b	 NiCl2(PCy3)2	 39	 11	 14	
5	 NiCl2·DME	 53	 8	 32	
6	 NiCl2(dppe)	 26	 0	 2	
7	 Ni(acac)2	 57	 32	 12	
8	 NiBr2	 18	 0	 2	
9	 NiI2	 0	 0	 0	
10b	 Ni(PCy3)2(C2H4)	 56	 61	 14	
11b	 Ni(PCy3)2(N2)	 100	 64	 15	
	
1a	(0.50	mmol),	2a	(1.00	mmol),	[Ni]	(10	mol%),	PCy3	(20	mol%),	HCO2Na	(1.5.	mmol),	PhMe	(2.0	
mL),	100 ºC,	15	h.		GC	yield	using	decane	as	internal	standard.	a	Isolated	yield.	b	PCy3	was	not	used.	
	
Table	3.3.	Screening	of	Ni	precatalysts.	
	
At	 this	 stage,	we	 focused	our	attention	on	studying	 the	effect	of	 the	solvent	 (Table	3.4).	Ethereal	
donor	solvents	such	as	THF	and	dioxane,	in	which	HCO2Na	or	potential	B(sp2)-B(sp3)	adducts may	be	
more	soluble,	provided	the	desired	product	in	lower	yield	than	toluene,	probably	due	to	coordination	
of	solvent	to	low	valent	Ni	species	(entries	2	and	3).	High	yield	was	also	observed	in	benzene,	unlike	
other	less	solubilizing	non-polar	solvents	such	as	cyclohexane	(entries	4	and	5).	 
 
 
Entry	 Solvent	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 Toluene	 100	 88	(80)a	 9	
2	 THF	 88	 74	 12	
3	 1,4-Dioxane	 42	 25	 9	
4	 Cyclohexane	 60	 47	 6	
5	 Benzene	 98	 80	 12	
	
	
1a	(0.50	mmol),	2a	(1.00	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	HCO2Na	(1.50	mmol),	
solvent	(2.0	mL),	95	ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	a	Isolated	yield.	
	
Table	3.4.	Screening	of	solvents.	
	
As	despicted	in	Table	3.5,	temperatures	less	than	90	ºC	did	not	promote	the	C-OMe	activation/C-B	
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formation	 so	 efficiently.	 This	 could	 potentially	 be	 rationalized	 from	 in	 terms	 of	 the	 high	 activation	
barrier	required	for	achieving	the	C(sp2)-OMe	bond	cleavage.116	
	
 
 
Entry	 T	(ºC)	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 100	 100	 87	 12	
2	 95	 100	 88(80)a	 9	
3	 90	 100	 86	 15	
4	 85	 65	 54	 15	
5	 80	 68	 55	 17	
	
	
1a	(0.50	mmol),	2a	(1.00	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	HCO2Na	(1.50	mmol),	PhMe	
(2.0	mL),	temp.	(100	–	80	ºC),	15	h.	GC	yield	using	decane	as	internal	standard.	a	Isolated	yield.	
	
Table	3.5.	Screening	of	temperatures.	
	
A	wide	range	of	alkoxynaphthalenes	were	then	explored	as	substrates	for	C-O	borylation	(Table	
3.6).	Ethoxy,	isopropoxy	or	benzyloxy	groups	gave	lower	conversions	to	xx,	suggesting	an	intimate	
interplay	 between	 steric	 effects	 and	 productive	 C-B	 bond	 formation.	 It	 is	 worth	 nothing	 that	
benzylic	 C(sp3)-O	 scission	 was	 not	 observed	 when	 using	 2-(benzyloxy)naphthalene	 (entry	 3).	
Replacing	 the	 methoxy	 group	 with	 an	 ethoxy	 group	 considerably	 increased	 the	 formation	 of	
naphthalene	 which	 may	 be	 due	 to	 the	 higher	 tendency	 of	 the	 oxidative	 addition	 complex	
[ArNi(II)(OR)]	to	undergo	β–hydride	elimination.117	
		
 
 
Entry	 OR	 3a	(%)	 3aa	(%)	
1	 OMe	(3a)	 	88(80)a	 	9	
2	 OEt	(xx)		 69	 32	
3	 OBn	(xx)	 19	 9	
4	 OiPr	(xx)	 72(63)a	 0	
	
	
Xx	 -	 xx	 (0.50	mmol),	2a	 (1.00	mmol),	Ni(COD)2	 (10	mol%),	PCy3	 (20	mol%),	HCO2Na	 (1.50	mmol),	
PhMe	(2.0	mL),	95	ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	a	Isolated	yield.	
	
Table	3.6.	C-O	electrophiles.	
	
                                                
116	35.1	kcal/mol	for	oxidative	addition	of	xx	to	Ni(PCy3)2.	See	ref.	115b.	
117	Tobisu,	M.;	Morioka,	T.;	Ohtsuki,	A.;	Chatani,	N.	Chem.	Sci.	2015,	6,	341.		
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In	this	direction,	a	range	of	boron	sources	was	tested	(Table	3.7).	The	lack	of	reactivity	of	B2pin2	
(xx),	 B2heg2	 (xx),	 and	 BpinBdan	 (xx)	 (entry	 2	 -	 4)	 is	 noteworthy,	 highlighting	 the	 remarkable	
influence	of	 the	 stereoelectronic	properties	of	 the	 reagents	 in	our	 transformation.	No	 reactivity	
was	 observed	 when	 (xx)/CsF	 system	 was	 applied	 (entry	 5).118,119	Furthermore,	 B2cat2	 (xx)	 was	
equally	 inefficient,	probably	due	to	the	 lower	nucleophilicity	of	the	resulting	boryl	moiety	(entry	
6).120	B2(OH)2	(xx)	provided	no	conversion	of	xx	likely	due	to	the	incompatibility	of	Ni(0)	conditions	
with	the	hydroxyl	groups	of	the	diborane.	Interestingly,	B2(NMe2)4	(xx)	afforded	full	conversion	to	
reduced	 product,	 which	may	 be	 a	 consequence	 of	 protodeborylation	 of	 the	more	 Lewis	 acidic	
C(sp2)-B	bond	that	is	generated.1	
	
 
 
 
Entry	 B2R4	 xx-xx	(%)	 3aa	(%)	
1	 B2nep2	(xx)	 88(80)a	 9	
2	 B2pin2	(xx)	 2		 12	
3	 B2heg2	(xx)	 0	 0	
4	 BpinBdan	(xx)	 0	 0	
5b,c	 B2pin2	(xx)	 0	 0	
6	 B2cat2	(xx)	 0	 13	
7	 B2(OH)2	 0	 0	
8	 B2(NMe2)4	(xx)	 0	 100	
	
1a	 (0.50	mmol),	 xx	 -	 xx	 (1.00	mmol),	 Ni(COD)2	 (10	mol%),	 PCy3	 (20	mol%),	 HCO2Na	 (1.50	mmol),	
PhMe	(2.0	mL),	95	ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	a	Isolated	yield.	b	CsF	(1.50	
mmol)	was	used	instead	of	HCO2Na	at	120	ºC.		
Table	3.7.	Boron	sources.	
 
Finally,	we	carried	out	the	corresponding	control	experiments	in	order	to	show	that	all	reaction	
parameters	were	critical	for	success	(Table	3.8).	No	reactivity	was	observed	when	the	reaction	was	
carried	out	in	the	absence	of	Ni	precatalyst	or	ligand.	The	moderate	yield	obtained	in	the	absence	
of	 HCO2Na	 showed	 that	 this	 Lewis	 base	 is	 crucial	 for	 achieving	 high	 yield	 in	 our	 borylation	
reaction,	presumably	due	to	its	role	in	the	formation	of	active	boryl	species.	
	 	
                                                
118	This	system	was	latelly	shown	in	this	chapter	to	efficiently	borylate	benzylic	C(sp3)-OMe	bonds.	
119	Borylation	took	place	 in	several	C(sp2)-H	positions	as	detected	by	GC-MS	analysis.	For	Ni-catalyzed	C(sp2)-H	bond	
borylation	see	ref.	72f,	72g.	
120	Liskey,	C.	W.;	Wei,	C.	S.;	Pahls,	D.	P.;	Hartwig,	J.	F.	Chem.	Commun.	2009,	5603.	
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Entry	 2a	 Ni(COD)2	 PCy3	 HCO2Na	 3a	(%)	 3aa	(%)	
1	 ✓	 ✓	 ✓ ✓	 80,a	67b	 9	
2	 ✓	 ✗	 ✓ ✓	 0	 0	
3	 ✓	 ✓	 ✗ ✓	 0	 0	
4	 ✓ ✗ ✗ ✓ 0	 0	
5	 ✓	 ✓	 ✓ ✗	 42	 19	
6	 ✗	 ✓	 ✓ ✗	 0	 0	
	
 
1a	(0.50	mmol),	2a	(1.00	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	HCO2Na	(1.50	mmol),	PhMe	(2.0	mL),	95	
ºC,	15	h.	GC	yield	using	decane	as	internal	standard.	a	Isolated	yield.	a,b	1a	(5.0	mmol),	2a	(10	mmol),	Ni(COD)2	
(10	mol%),	PCy3	 (20	mol%),	HCO2Na	 (15	mmol),	PhMe	(20	mL),	95	 ºC,	15	h.	✓	 Indicates	 that	 the	reagent	was	
added	to	the	reaction	mixture;	✗	indicates	that	no	reagent	was	added	to	the	reaction	mixture.	
	
Table	3.8.	Blank	experiments.	
	
It	 should	 be	 mentioned	 that	 no	 C(sp2)-H	 borylation	 was	 observed	 under	 optimal	 reaction	
conditions	although	this	reaction	has	been	recently	reported	using	a	Ni(COD)2	as	precatalyst.72f,	72g	
It	is	also	noteworthy	that	no	biaryl	formation	via	Suzuki-Miyaura	coupling	of	in	situ	generated	aryl	
boronate	 (xx)	with	aryl	 ethers	 (xx)	was	detected	 in	 the	 crude	mixtures	during	 the	optimization.	
This	observation	differs	from	the	reports	of	Tobisu	and	Chatani	based	on	the	Ni-catalyzed	Suzuki-
Miyaura	 coupling121	or	 formal	 homocoupling122	of	methoxyarenes	 in	 the	 presence	 of	 ArBnep	 or	
B2nep2,	respectively.	The	formation	of	the	formal	homocoupled	product	was	rationalized	on	basis	
of	the	superior	activity	of	 ICy·HCl	towards	the	subsequent	Suzuki-Miyaura	coupling	between	the	
final	 borylated	 product	 and	 the	 starting	 aryl	methyl	 ether.	 However,	 when	we	 used	 ICy·HCl	 as	
ligand	under	our	optimal	conditions,	we	exclusively	observed	conversion	to	the	borylated	product	
3a,	while	no	bisnapthalene	was	detected	(Table	3.2,	entry	9).	Therefore,	we	hypothesize	that	the	
HCO2Na	may	also	contribute	to	this	peculiar	behavior.		
	
3.2.2.	Preparative	scope	
	
3.2.2.1.	Scope	of	naphthyl	and	benzylic	methyl	ethers	
	
Successful	substrates	
	
With	 a	 set	 of	 aryl	 methyl	 ethers	 in	 hand,123	we	 tested	 their	 performance	 under	 the	 optimized	
reaction	conditions	to	study	the	influence	exerted	by	the	different	substitution	patterns.	Being	aware	
of	the	“naphthalene	problem,”	we	decide	to	commence	with	π–extended	systems	(Scheme	3.15).	 It	
was	 found	 out	 that	 our	 borylation	 protocol	 was	 rather	 sensitive	 to	 the	 electronic	 nature	 of	 the	
aromatic	 ring	 since	 substrates	with	 groups	 located	 at	 positions	 that	 activate	 the	 C(sp2)-OMe	bond	
                                                
121	(a)	Tobisu,	M.;	Shimasaki,	T.;	Chatani,	N.	Angew.	Chem.,	Int.	Ed.	2008,	47,	4866.	(b)	Tobisu,	M.;	Yasutome,	A.;	Kinuta,	
H.;	Nakamura,	K.;	Chatani,	N.
	
Org.	Lett.	2014,	16,	5572.		
122	Nakamura,	K.;	Tobisu,	M.;	Chatani,N.	Org.	Lett.	2015,	17,	6142.	
123	See	Experimental	Section	6.2	for	the	synthesis	of	non-commercially	available	methoxyarenes.	
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provided	better	results	(2	–	10).	Several	functional	groups	such	as	trialkylsilanes	(xx),	sily	ethers	(xx),	
esters	 (xx),	 ketones	 (xx),	 and	 amines(xx)	 were	 perfectly	 accommodated,	 thus	 illustrating	 the	
chemoselectivity	 profile	 of	 our	 method.	 Furthermore,	 nitrogen-containing	 heterocycles	 did	 not	
interfere	 in	 the	 reactivity	 (xx,	 xx).	 Gratifyingly,	 C-B	 bond	 formation	 was	 not	 affected	 by	 steric	
considerations,	as	reflected	by	the	fact	that	the	reaction	was	not	hampered	by	the	presence	of	ortho	
substituents	(xx),	and	1-methoxynaphthalene	was	as	reactive	as	the	model	substrate	(xx).	It	should	be	
highlighted	 that	 no	 racemization	 of	 the	 chiral	 center	 in	 xx	 occurred	 despite	 the	 propensity	 of	
racemization	under	our	optimal	conditions.124		
 
	
	
Scheme	3.15.	Successful	ipso-borylation	of	π–extended	aryl	methyl	ethers.	
	
Next,	we	investigated	whether	benzylic	methyl	ethers	could	undergo	C(sp3)-OMe	bond	borylation.	
Gratifyingly,	 this	class	of	substrates	afforded	the	desired	Bnep-borylated	product	under	our	optimal	
conditions	 as	 analyzed	 by	 gas	 chromatography.	 Unfortunately,	 inherent	 instability	 of	 the	 resulting	
benzyl	boronic	esters	prevented	the	complete	isolation	of	the	products	in	their	pure	form.	Attempts	
to	transform	the	products	into	more	robust	boronic	pinacol	esters,	N-coordinated	boronates	such	as	
DEA-	 or	 MIDA-boronates,	 or	 trifluoroborates	 failed.1	 With	 respect	 to	 the	 differences	 in	 reactivity	
observed	 between	 aryl	 and	 benzylic	 bonds,	 we	 envisioned	 that	 C(sp3)-O	 bonds,	 unlike	 C(sp2)-O	
bonds,	 could	 be	 borylated	with	 bulkier	 B2pin2	 (xx)	 thus	 providing	more	 robust	 benzylic	 boronates.	
After	screening	different	parameters,	we	found	that	the	 inclusion	of	CsF	and	B2pin2	cleany	afforded	
(1)	and	 (2)	 via	C(sp3)-OMe,	which	could	be	 isolated	by	column	chromatography	without	posing	any	
problems	 (Scheme	 3.16).125	Likewise,	 benzyl	methyl	 ethers	 having	β–hydrogens	 yielded	 (3)	 in	 good	
yields,	 resulting	 in	 the	 first	 borylation	 protocol	 of	 unactivated	 secondary	 benzylic	 C-O	
electrophiles.126	Interestingly,	 when	 the	 reaction	was	 conducted	with	 optically	 active	 xx,	 we	 found	
that	racemization	occurred.	Although	speculative,	we	propose	that	the	racemization	takes	place	by	a	
bimolecular	mechanism,	as	suggested	by	Jarvo	with	otherwise	similar	substrates	in	a	Kumada-Tamao-
Corriu	 coupling.127	In	 addition,	 simple	benzyl	methyl	 ethers	with	non	π–extended	 systems	 could	be	
borylated	in	moderate	yields	(xx	and	xx).	
	
                                                
124	See	Experimental	Section	6.2	for	details.	
125	No	reaction	took	place	in	the	absence	of	Ni(COD)2	and	PCy3,	thus	ruling	out	a	classical	SN2	mechanism.	
126	After	 the	 publication	 of	 our	 ipso-borylation	 of	 C-OMe	 electrophiles	 (ref.	 108),	 two	 procedures	 that	 allow	 for	 the	
borylation	of	secondary	and	tertiary	benzylic	electrophiles	in	a	stereoretentive	manner	were	repoted:	(a)	Ref.	107.	(b)	
Zhou,	Q.;	Cobb,	K.	M.;	Tan,	T.;	P.	Watson,	M.	J.	Am.	Chem.	Soc.	2016,	138,	12057.	
127	(a)	Yonova,	I.	M.;	Johnson,	A.	G.;	Osborne,	C.	A.;	Moore,	C.	E.;	Morrissette,	N.	S.;	Jarvo,	E.	R.	Angew.	Chem.,	Int.	Ed.	
2014,	53,	2422.	(b)	Tollefson,	E.	J.;	Hanna,	L.	E.;	Jarvo,	E.	R.	Acc.	Chem.	Res.	2015,	48,	2344.	
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Scheme	3.16.	Successful	ipso-borylation	of	benzyl	methyl	ethers.		
	
Unsuccessful	substrates	
	
We	were	not	successful	with	the	borylation	of	a	number	of	C-OMe	containing	electrophiles	in	our	
optimal	reaction	conditions.	The	presence	of	aldehydes	(xx),	nitriles	(xx),	free	alcohols	(xx),	carboxylic	
acids	 (xx),	 free	 (NH)-indoles	 (xx),	 unhindered	 atoms	 bearing	 free	 electrons	 (8	 -	 12,	 16,	 17),	
C-heteroatom	bonds	 susceptible	 to	 oxidative	 addition	 (xx,	xx,	 xx),	 and	 S-containing	 aromatic	 rings	
(xx)	 completely	 shut	down	 the	 reaction	probably	due	 to	 the	 incompatibility	of	 these	 functionalities	
with	 catalytic	 Ni(0)	 species	 (Figure	 3.3).128	Furthermore,	 the	 above	 mentioned	 sensitivity	 of	 our	
borylative	transformation	towards	electronics	was	further	confirmed	with	the	low	reactivity	observed	
with	 naphthalene	 rings	 bearing	 substrates	 that	 via	 π–conjugation	 deactivate	 the	 corresponding	
C-OMe	 bond	 (xx	 –	 xx	 in	 Figure	 3.3	 vs.	 xx,	 xx	 in	 Scheme	 3.17).128	Low	 yields	 of	 the	 desired	 ipso-
borylated	product	were	obtained	with	allyl	methyl	ethers	 (xx)	due	to	competitive	borylation	on	the	
other	active	 sites.	 In	addition,	unlike	other	 coupling	 reactions	of	ethereal	electrophiles,	C(sp2)-O	 in	
benzofuranes	could	not	be	efficiently	borylated	under	our	conditions	(xx).	As	of	yet	we	do	not	have	a	
compelling	reason	why	electronically	unbiased	trifluoromethyl	groups	displayed	markedly	decreased	
reactivity	(xx).	
                                                
128	The	mass	balance	accounts	for	unreactive	starting	material.	
Bpin
MeBpin
Bpin
61% (xx)
xx-xx (0.50 mmol), xx  (1.00 mmol), Ni(COD)2 (10 mol%), PCy3 (20 mol%), CsF (1.50 mmol), PhMe (2.0 mL), 
120 º C, 15 h. a GC yield using decane as internal standard. Isolated yields, average of at least two 
independent runs.
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Figure	3.3.	Aryl	methyl	ethers	that	lead	to	unproductive	chemistry.	
	
In	 addition,	 C(sp3)-OMe	 electrophiles	without	π–extended	 backbones	 (even	 those	 activated	with	
electron-withdrawing	 groups	 at	 ortho-	 or	 para-positions)	 provided	 rather	 low	 yields	 (<5%)	 under	
conditions	 reported	 in	 Scheme	 3.16	 (xx	 –	 xx,	 Figure	 3.4).	 These	 results	 demonstrate	 the	
indispensability	 of	 napthyl	 or	 biphenyl	 systems	 for	 achieving	 high	 reactivities	 via	 C(sp3)-OMe	 bond	
borylation	 (Scheme	 3.16).	 Detrimental	 hydrogenolysis	 side	 reaction	was	 dominant	 for	 considerably	
electron-rich	 C(sp3)-OMe	 bonds	 (xx,	 xx)	 as	 these	 substrates	 are	more	 prone	 to	 undergo	 reductive	
transformations.129	
	
	
	
Figure	3.4.	Failed	benzyl	methyl	ethers.		
	
In	other	cases,	the	issues	arose	during	attempts	to	isolate	of	the	corresponding	borylated	products.	
All	 products	 shown	 in	 Figure	 3.5	were	 obtained	 in	 good	 yields	 as	 judged	 by	 GC	 analysis;	 however	
decopmositions	becomes	an	issue	during	isolation	by	flash	column	chromatography	likely	due	to	the	
instability	of	the	C-B-bond	when	exposed	to	the	solid	phase.130	
                                                
129	(a)	 Sergeev,	 A.	G.;	Webb,	 J.	 D.;	 Hartwig,	 J.	 F.	 J.	 Am.	 Chem.	 Soc.	2012,	134,	 20226.	 (b)	 Fedorov,	 A.;	 Toutov,	 A.	 A.;	
Swisher,	N.	A.;	Grubbs,	R.	H.	Chem.	Sci.	2013,	4,	1640.	
130	Flash	column	chromatography	in	different	solid	phases,	even	when	exposing	the	final	product	during	a	short	period	
of	time,	unsuccessfully	provided	the	final	product	 in	a	pure	form.	The	different	solid	phases	were	tried:	conventional	
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Figure	3.5.	Substrates	posing	problems	during	the	isolation	step.		
	
3.2.2.2.	Scope	of	phenyl	methyl	ethers	
	
Screening	of	electron-withdrawing	groups	
	
A	 common	 issue	 in	 the	 C-O	 bond	 cleavage	 field	 is	 the	 markedly	 decreased	 reactivity	 of	 simple	
phenol	 derivatives	 as	 compared	 to	 systems	 containing	 π–extended	 backbones.	 This	 difference	 in	
reactivity	is	especially	remarkable	when	it	comes	to	challenging	C-OMe	electrophiles,	particularly	in	
the	 absence	 of	 highly	 reactive	 nucleophilic	 counterparts.121a,131	Therefore,	 we	 anticipated	 that	
unbiased	 anisoles	 would	 present	 a	 decreased	 reactivity	 under	 our	 optimal	 borylation	 conditions.	
Indeed,	this	was	the	case,	and	simple	anisole	(xx)	remained	unreactive	when	treated	with	B2nep2	or	
B2pin2	(Table	3.9,	entry	1).	As	reported	by	Tobisu	and	Chatani,	coupling	of	aryl	methyl	ethers	lacking	
π–extended	backbones	with	mild	coupling	partners	(aryl	boronic	esters)	could	be	achieved	with	the	
assistance	of	electron-withdrawing	groups	 located	at	para	position	to	the	methoxy	moiety.121	Based	
on	 this	 strategy,	 we	 demonstrated	 that	 the	 location	 of	 electron-withdrawing	 groups	 at	 the	 ortho	
position	facilitates	the	otherwise	non-viable	C(sp2)-OMe	bond	cleavage	event.	Therefore,	a	variety	of	
aryl	methyl	 ethers	 possessing	 different	 groups	 at	ortho	 position	 such	 as	 tert-butyl	 esters	 (entry	 2),	
amide	 (entry	3),	or	 trifluoromethyl	groups	 (entry	4)	could	be	borylated	 in	moderate	 to	good	yields.	
However,	 the	 location	of	such	groups	at	 the	para	or	meta	position	gave	negligible	conversion,	 thus	
indicating	that	both	resonance	and	inductive	effects	come	into	play.132	Interestingly,	substrate	xx	and	
xx	could	be	exclusively	borylated	with	B2pin2	or	B2nep2,	respectively	(entries	5	and	6).	Unfortunately,	
we	 do	 not	 have	 a	 rational	 explanation	 for	 this	 unusual	 result.	 It	 is	 also	 noteworthy	 that	 similarly	
activated	C-H	bonds	ortho	to	the	methoxy	group	were	not	borylated	in	all	these	cases	except	when	a	
less	bulky	carbonyl	groups	was	present	(entries	2	vs.	7,	and	8	vs.	9).		
	
Entry	 R	
C(sp2)-O	Borylation	 C(sp2)-H	Borylation	
B2nep2	 B2pin2	 B2nep2	 B2pin2	
1	 H	(xx)	 ✗ ✗ ✗ ✗ 
2	 o-CO2tBu	(xx)	 54%	(xx)b	 71%	(xx)b	 ✗	 ✗	
3	 o-CONEt2	(xx)	 ✗	 56%	(xx)c	 ✗	 ✗	
4d	 o-CF3	(xx)	 56%	(xx)b	 <10%	(xx)a	 ✗	 ✗	
                                                                                                                                      
silica	gel,	deactivated	silica	gel	with	NEt3,	impregnate	silica	gel	with	boric	acid	(Hitosugi,	S.;	Tanimoto,	D.;	Nakanishi,	W.;	
Isobe,	H.	Chem.	Lett.	2012,	41,	972),	and	neutral	alumina.	
131	Guo,	L.;	Liu,	X.;	Baumann,	C.;	Rueping,	M.	Angew.	Chem.,	Int.	Ed.	2016,	55,	1.		
132	Fernández,	I.;	Frenking,	G.	J.	Org.	Chem.	2006,	71,	2251.	
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5	 m-CO2tBu	(xx)	 ✗ ✗ ✗ ✗ 
6	 p-CO2tBu	(xx)	 <10%	(xx)a ✗ ✗ ✗ 
7	 o-CO2Me	(xx)	 <40%	(xx)a	 ✗	 ✓	 ✓	
8	 o-COtBu	(xx)	 <40%	(xx)a	 ✗	 ✗	 ✓	
9	 o-COMe	(xx)	 ✗	 ✗	 ✓	 ✓	
	
Table	3.9.	Screening	of	o-EWG	groups.		
	
1a	 (0.50	mmol),	2a	or	2b	 (1.00	mmol),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	HCO2Na	(1.50	mmol),	
PhMe	 (2.0	mL),	 95	 ºC,	 15	 h.	 a	 Estimated	 by	 GC	 analysis.	 b	 Isolated	 yield,	 average	 of	 at	 least	 two	
independedent	runs.	c	GC	yield	using	decane	as	internal	standard	(borylated	product	could	not	get	
in	pure	form	via	flash	column	chromatography).	d	HCO2Na	(0.50	mmol).	✓	and	✗	 indicates	that	the	
corresponding	borylated	product	was	detected	or	not	by	GC	analysis,	respectively.	
	
As	depicted	in	Figure	3.6,	anisole	derivatives	with	different	ortho-electron	withdrawing	substituents	
provided	negligible	amounts	of	both	boronic	neopentyl	and	pinacol	esters,133	likely	due	to	the	weaker	
electron	withdrawing	character	or	the	 incompatibility	of	 these	groups	under	our	catalytic	conditions.	
As	expected,	electron	donating	groups	such	as	dimethylamine	were	equally	ineffective	(xx).	
	
	
	
Figure	3.6.	Ineffective	activating	groups.		
	
Attempts	to	expand	the	scope	of	anisole	
	
In	order	to	broaden	the	scope	of	anisole	derivates	we	submitted	ortho-substituted	anisoles	bearing	
different	 functionalities	 to	 the	 conditions	 reported	 in	 Table	 3.9.	 As	 shown	 in	 Figure	 3.7,	 our	
transformation	 was	 highly	 dependent	 on	 the	 aryl	 substitution	 patterns	 as	 groups	 with	 different	
electronic	 properties	 located	 at	 different	 positions	 of	 the	 aryl	 group	 shut	 down	 the	 reactivity	
independently	 of	 which	 boron	 source	was	 employed	 (xx	 -	 xx).	 The	 only	 exception	was	 anisole	 xx,	
which	provided	a	comparatively	high	yield	of	the	Bnep	product.	Furthermore,	methoxypyridines	and	
vinyl	methyl	ether,	which	has	been	reported	to	be	coupled	more	efficiently	than	simple	anisoles	with	
mild	 nucleophilic	 partners,134	did	 not	 react	 under	 our	 optimal	 conditions	 (xx	 -	 xx).	 Although	 the	
substrate	 scope	 of	 anisole	 derivatives	 is	 still	 quite	 limited,	 it	 should	 be	 noted	 that	 this	 is	 the	 first	
example	C-heteroatom	bond	formation	via	C(sp2)-OMe	activation	in	unbiased	anisoles. 
                                                
133	Under	 conditions	 reflected	 in	 Table	 3.9.	 Higher	 temperatures	 (120	 ºC)	 or	 the	 use	 of	 other	 bases	 (CsF)	 did	 not	
improve	the	reactivity.	
134	(a)	Shimasaki,	T.;	Konno,	Y.;	Tobisu,	M.;	Chatani,	N.	Org.	Lett.	2009,	11,	4890.	(b)	Tobisu,	M.;	Yasutome,	A.;	
Yamakawa,	A.;	Yamakawa,	K.;	Shimasaki,	T.;	Chatani,	N.	Tetrahedron	2012,	68,	5157.	
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Figure	3.7.	Inefficient	ipso-borylation	of	anisole	derivatives.		
	
3.2.3.	Orthogonal	Ni-catalyzed	C(sp2)–and	C(sp3)–OMe	borylation	
 
On	the	basis	of	Schemes	3.15	and	3.16,	we	speculated	that	the	nature	of	the	B2(OR)4/base	system	
might	 play	 an	 important	 role	 for	 achieving	 orthogonal	 site-selective	 borylation	 via	 C(sp2)-	 or	
C(sp3)-OMe	bond	scission.	To	this	end,	we	examined	the	reactivity	of	naphthyl	backbones	bearing	a	
methoxy	and	a	methoxymethyl	groups	at	different	positions	(xx,	xx)	under	standard	Bpin-	and	Bnep-
borylation	 conditions	 (Scheme	 3.17).	 Treatment	 of	 compounds	 xx	 and	 xx	 with	 B2pin2	 (xx)	 in	 the	
presence	 of	 Ni(COD)2,	 PCy3,	 and	 CsF	 in	 toluene	 at	 120	 ºC	 resulted	 in	 exclusive	 C(sp3)-B	 bond	
formation.	However,	when	 the	 same	compounds	were	 treated	with	Ni(COD)2,	PCy3,	and	HCO2Na	 in	
toluene	at	95	 ºC,	using	B2nep2	 (xx)	 as	 the	boron	 source,	borylation	 took	place	at	 the	arylic	C-OMe	
bond.	It	must	be	noted	that	neopentyl	boronic	esters	could	not	be	isolated	in	completely	pure	form,	
and	 were	 therefore	 transformed	 into	 the	 corresponding	 iodo-derivatives	 that	 allowed	 easier	
purification	by	flash	column	chromatography.135 
	
	
Scheme	3.17.	Orthogonal	borylation	via	C(sp2)-	and	C(sp3)-OMe	cleavage.		
 
In	 order	 to	 understand	 this	 striking	 behavior,	 a	 series	 of	 control	 experiments	with	 compound	 xx	
were	performed	and	the	formation	of	different	products	was	monitored	(Tables	3.10	and	3.11).	It	was	
                                                
135	See	Experimental	Section	6.2	for	more	details.	
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found	 that	 only	 the	 combination	 of	 B2pin2	 (xx)	 and	 CsF	 resulted	 on	 the	 borylation	 at	 the	 benzylic	
position	 (entry	 1,	 Table	 3.10).The	 use	 of	 HCO2Na	 afforded	 the	 borylated	 product	 at	 the	 C(sp
2)-O	
position	 in	 all	 cases,	 independently	 of	 the	 boron	 source.	 However,	 when	 bulkier	 B2pin2	 (xx)	 was	
employed,	 a	 significant	 amount	 of	 borylation/reduction	 product	 xx	 was	 obtained	 (entries	 3	 and	 4	
Table	3.10	vs.	entry	1	Table	3.11).136	Tentatively	we	rationalize	this	selectivity	profile	by	the	dissimilar	
electronic	 and	 steric	 properties	 of	 the	 anionic	 sp2-sp3	 diboron	 compounds	 that	 result	 from	 the	
reaction	of	xx	or	xx	 and	 the	Lewis	base.112	These	species	could	act	as	 the	active	nucleophile	 source	
and	facilitate	transfer	of	the	boron	moiety	to	the	catalytic	cycle.	The	higher	nucleophilicity	of	Xx·CsF	
borinate	might	favor	a	benzylic	borylation	via	SN2-type	mechanism,	while	less	nucleophilic	xx·HCO2Na	
or	xx·HCO2Na	adducts	may	promote	an	arylic	borylation	via	an	oxidative	addition	pathway.	However,	
an	 in-depth	 mechanistic	 understanding	 of	 the	 C(sp2)-	 and	 C(sp3)-OMe	 bond	 functionalization	 is	
needed	for	a	rigorous	interpretation	of	these	interesting	results.		
	
	
Entry	 Deviation	from	
standard	conditions	
Conv.	
(%)	
xx-pin	(%)	 xx-pin	(%)	 xx-pin	(%)	 Xx	(%)	 xx-pin	(%)	
1	 -	 100	 73,72a	 -	 -	 -	 -	
2	 No	Ni(COD)2/PCy3	 -	 -	 -	 -	 -	 -	
3	 HCO2Na	instead	of	
CsF	
89	 <1	 36	 32	 9	 3	
4	
HCO2Na,	95ºC	
instead	of	CsF,	120ºC	
100	 <1	 37	 32	 15	 7	
5	 No	CsF	 73	 <1	 28	 30	 12	 3	
	
Table	3.10.	Control	experiments	with	B2pin2	(xx).		
	
As	for	Table	3.16.	GC	conversion	and	yield	using	decane	as	internal.standard.	a	Isolated	yield.	
	
Entry	 Deviation	from	
standard	conditions	
Conv.	
(%)	
xx-nep	(%)	 xx-nep	(%)	 xx-nep	(%)	 Xx	(%)	 xx-nep	(%)	
1	 -	 100	 -	 63,67	a	 -	 -	 -	
2	 No	Ni(COD)2/PCy3	 -	 -	 -	 -	 -	 -	
3	
CsF,	120ºC	instead	of	
HCO2Na,	95ºC	
92	
-	
35	 11	 7	 7	
4	 No	HCO2Na	 95	 -	 56	 11	 6	 -	
	
Table	3.11.	Control	experiments	with	B2nep2	(xx).		
	
                                                
136	For	a	related	hydrogenolysis	of	benzylic	C(sp3)-O	in	the	presence	of	B2pin2:	Shi,	W.-J.;	Li,	X.-L.;	Li,	Z.-W.;	Shi,	Z.-J.	Org.	
Chem.	Front.	2016,	3,	375.	
xx-nep
Bnep
OMe
xx-nep
OMe
Bnep
xx-nep
Me
Bnep
xx
OMe
xx-nep
Bnep
+ + + +
xx-pin
Bpin
OMe
xx-pin
OMe
Bpin
xx-pin
Me
Bpin
xx
OMe
xx-pin
Bpin
+ + + +
xx
OMe
B2pin2 (2b) (2 equiv.)
Ni(COD)2 (10 mol %)
PCy3 (20 mol %)
CsF (3 equiv),120 ºC
PhMe (0.25 M), 15 h
OMe
xx
OMe
B2nep2 (2b) (2 equiv.)
Ni(COD)2 (10 mol %)
PCy3 (20 mol %)
HCO2Na  (3 equiv),95 ºC
PhMe (0.25 M), 15 h
OMe
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As	for	Table	3.15.	GC	conversion	and	yield	using	decane	as	internal	standard.	a	Isolated	yield.		
	
3.2.4.	Mechanistic	insights	
	
3.2.4.1.	Confirmation	of	direct	ipso	C-O	bond	borylation	
	
In	 order	 to	 further	 understand	 our	 borylative	 transformation,	 we	 performed	 some	 preliminary	
mechanistic	 experiments.	 The	 borylation	 of	 ortho-substituted	 anisoles	 could	 potentially	 be	
understood	 in	 terms	of	C-OMe	bond	hydrogenolysis115b,129,137	followed	by	a	borylation	at	 the	ortho	
C-H	bond	to	the	electron	withdrawing	group	or	vice	versa	(Scheme	3.18,	path	a	and	b	respectively).	
Path	b	could	account	for	the	high	sensitivity	of	the	transformation	to	the	substitution	pattern	of	the	
anisole	ring	observed	in	Scheme	3.7.	
	
	
	
Scheme	3.18.	Plausible	pathways.		
	
The	 absence	 of	 xx-Bnep	 or	 xx-Bpin	 when	 tert-butyl	 benzoate	 xx	 was	 submitted	 to	 the	 optimal	
conditions	allowed	us	to	discard	path	a	as	a	potential	mechanism	(Scheme	3.19,	A).	Furthermore,	an	
ortho	C-H	borylation/C-O	reduction	pathway	could	also	be	ruled	out	in	light	of	the	results	obtained	
when	xx	was	reacted	with	xx	or	xx	(Scheme	3.19,	B).	With	any	of	both	diboronanes	we	did	not	detect	
the	 corresponding	 reaction	 product	 that	 may	 be	 formed	 through	 path	 b	 (Bnep-x	 or	 Bpin-	 x).	
Therefore,	 we	 could	 conclude	 that	 the	 most	 likely	 reaction	 mechanism	 operates	 via	 direct	 ipso-
borylation	of	C-OMe	bond	(Scheme	3.18,	path	c).	
	
	
	
Scheme	3.19.	Preliminary	mechanistic	studies	to	probe	C-O	borylation	pathway.	
	
3.2.4.2.	Origin	of	the	hydrogen	atom	source	
	
                                                
137	Sergeev,	A.	G.;	Hartwig,	J.	F.	Science	2011,	332,	439.	
path a
C-O reduction
OMe
EWG
EWG
OMe
EWG
B(OR)2
B(OR)2
EWG
xx xx
xx
xx
path a
C-H borylation
path b
C-H borylation
path b
C-O reduction
path c
C-O borylation
xx or xx (2 equiv.)
Ni(COD)2 (10 mol %)
PCy3 (20 mol %)
HCO2Na (3 equiv), 95 ºC
PhMe (0.25 M), 15 hxx
CO2tBu
B(OR)2 = Bnep (xx-nep),a
Bpin (xx-pin)b
CO2tBu
B(OR)2
Not detected
xx or xx (2 equiv.)
Ni(COD)2 (10 mol %)
PCy3 (20 mol %)
HCO2Na (3 equiv), 95 ºC
PhMe (0.25 M), 15 h
xx
OMe
Me CO2tBu
B(OR)2 = Bnep (xx-nep), 8%a
Bpin (xx-pin), 11%b
B(OR)2
Me CO2tBu
As for Table 3.xx. a Using xx. b Using xx.
A
B
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The	origin	of	the	hydrogen	atom	source,	responsible	of	naphthalene	formation	observed	during	the	
optimization	of	the	reaction	conditions,	may	also	provide	some	information	about	the	mechanism	of	
our	borylation	reaction.	Adventitious	water	was	discarded	as	hydride	source	since	 the	 formation	of	
reduced	product	was	also	detected	when	different	sources	of	perfectly	dried	reagents	were	used.138	
Furthermore,	 although	HCO2Na	 has	 been	 used	 as	 reducing	 agent	 in	 cross-coupling	 reactions,7a	 this	
may	 not	 be	 the	 exclusive	 hydride	 source	 given	 that	 in	 the	 absence	 of	 a	 base,	 the	 formation	 of	
naphthalene	was	also	detected	(Table	3.1).	This	is	a	relevant	fact	that	may	suggest	that	formation	of	
reduced	 product	 involves	 oxidative	 addition	 of	 the	 C(sp2)-OMe	 bond	 to	 a	 low	 valent	 Ni	 species	
followed	 by	 β–hydride	 elimination,115b,117	 which	 would	 provide	 an	 indirect	 proof	 that	 this	 elusive	
oxidative	 addition	 takes	 place.	 However,	 no	 sign	 of	 deuterium	 scrambling	 was	 detected	 when	 2-
deuteromethoxynaphthalene	 (xx-D)	 was	 employed	 as	 substrate,	 thus	 showing	 that	 β–hydride	
elimination	pathway	is	unlikely	under	our	reaction	conditions	as	it	has	been	previously	shown	in	the	
presence	of	COD115b	(Scheme	3.19,	A).	Although	solvent	and	aromatic	C-H	bonds	of	the	final	naphthyl	
product	 have	 been	 proposed	 to	 be	 the	 hydrogen	 atom	 sources	 in	 related	 Ni-catalyzed	 C-O	 bond	
cleavage	protocols,61,136	we	did	not	observe	deuterium	incorporation	 in	the	naphthalene	(xx)	or	 the	
borylated	product	(xx)	when	usind	deuterated	toluene	(Scheme	3.19,	B).	The	origin	of	the	reduction	
also	 did	 not	 lie	 on	 the	work-up	 of	 the	 reaction	 given	 that	 quenching	 the	 reaction	with	 deuterated	
water	 under	 inert	 atmosphere	 did	 not	 result	 in	 deuteration	 (Scheme	 3.19,	 C).	 In	 addition,	 xx	
formation	was	highly	base-dependant	(Table	3.1.),	so	that	it	could	be	explained	via	protodeborylation	
of	the	final	product.	Nevertheless,	no	decomposition	of	xx	was	detected	under	our	optimal	catalytic	
conditions	(Scheme	3.19,	D).	
	
	
Scheme	3.19.	Preliminary	studies	to	establish	the	nature	of	the	hydrogen	atom	source.	
	
Based	on	these	experiments	and	the	collected	information	during	the	screening	of	the	conditions,	
we	 speculate	 that	 the	 ancillary	 ligand	 may	 be	 the	 hydride	 donor.	 As	 reflected	 in	 Table	 3.3,	 Ni	
precatalysts	 lacking	COD	also	 furnished	 the	corresponding	 reduced	product	 thus	 the	only	 remained	
potential	source	would	be	PCy3	ligand.	Hartwig	and	co-workers	reported	that	PCy3	decomposes	under	
similar	conditions	via	C-P	bond	cleavage	to	form	cyclohexane	and	cyclohexene,137	which	explain	the	
hydride	generation	from	this	 ligand.	This	 is	 in	agreement	with	the	amount	of	naphthalene	observed	
during	optimization	with	PCy3	 (32%	xx	maximum)139	as	well	 as	with	 the	absence	of	 reduce	product	
when	phosphines	ligands	without	β–hydrogens	or	NHC	ligands	were	employed	(Table	3.2,	entries	4,	5,	
                                                
138	HCO2Na	was	dried	accordingly	to	stablished	methods	(130ºC	under	under	high	vacuum):	Armarego,	W.	L.	F.;	Chai,	C.	
L.	L.	Purification	of	Laboratory	Chemicals,	6th	Ed.	Elsevier:	2009.	
139	We	assume	that	only	one	cyclohexyl	group	of	the	phosphine	ligand	is	converted	to	the	corresponding	hydrocarbons.		
OCD3
xx / HCO2Na
Standard conditions Bnep H
+
xx-D
0% D
79% (xx) 8% (xx)
OMe
xx / HCO2Na
Standard conditions Bnep H
+
xx
0% D
80% (xx) 9% (xx)
toluene-d8
A
B
OMe
xx / HCO2Na
Standard conditions Bnep H
+
xx
0% D
76% (xx) 11% (xx)
Quenching with D2O
C
xx / HCO2Na
Standard conditions H
xx
D Bnep
xx Not detected
0% D
0% D
0% D
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8	 and	 9).	 Furthermore,	 with	 PCp3	 higher	 amount	 of	 naphthalene	 product	 was	 detected	 which	
corroborate	phosphine	ligand	as	the	most	probable	hydride	source	(Table	3.2.,	entry	1	and	3	vs.	2).140		
	
3.2.4.3.	Mechanistic	proposal	
	
Computational	 studies	 have	 recently	 shown	 that	 the	 presence	 of	 trialkylaluminium	 reagents	may	
promote	the	otherwise	elusive	C(sp2)-OMe	oxidative	addition	to	Ni(0)	species	via	“Z-type”	Lewis	acid		
coordination.141,142	Nevertheless,	 the	 high	 activation	 barrier	 required	 for	 this	 challenging	 bond	
scission	 in	 the	absence	of	 such	 strong	Lewis	acids	have	 led	 to	propose	mechanistic	 scenarios	other	
than	 oxidative	 addition.	 In	 previous	 reports	 it	 has	 been	 proposed	 alternative	 C(sp2)-OMe	 bond	
activation	pathways	based	on	the	formation	of	Ni(0)-ate	complexes	with	harsh	nucleophiles143	or	Ni(I)	
species	with	triethylsilanes.115b	Likewise,	we	also	speculate	that	oxidative	addition	is	not	operative	in	
our	Ni-catalyzed	borylation	of	aryl	methyl	ethers.	Monitoring	the	reaction	 in	deuterated	toluene	by	
31P{1H}	NMR	spectroscopy	showed	that	after	10	minutes	heating	at	95	ºC	the	signal	of	free	PCy3	(δ	=	
13.0	ppm)	disappeared.	A	new	downfield	peak	(δ	=	50.9	ppm)	was	observed,	which	may	correspond	
with	 the	Ni(COD)2/PCy3	active	 species.	Over	 time,	 the	 intensity	of	 this	peak	decreased	and	after	50	
minutes,	from	which	time	we	started	to	detected	xx	product,	 it	disappeared	together	with	all	other	
signals.	 This	 observation	 suggests	 that	 a	 Ni(0)/Ni(II)	 couple	 may	 not	 be	 the	 responsible	 of	 the	
reactivity	and	that,	after	the	induction	period	of	the	reaction,	a	paramagnetic	Ni(I)	complex	might	be	
the	 actual	 catalytic	 species.	 These	 results,	 taken	 together	 with	 previous	 experimental	 and	
computational	 studies	 carried	 out	 by	 our	 group	 on	 the	 reductive	 cleavage	 of	methoxyarenes	 with	
silanes,115b	we	tentatively	proposed	that	the	C(sp2)-OMe	borylation	takes	place	via	the	intermedicy	of	
Ni(I)	boryl	 species.	These	 species	might	 result	 from	an	oxidative	addition	of	 the	pinB-Bpin	bond	 to	
[Ni(0)Ln]	 (xx)136,144	followed	by	 comproportionation	 of	 the	 resulting	Ni(II)	 bisboryl	 complex	with	 the	
remaining	 [Ni(0)Ln]	 species.	 The	 proposed	 catalytic	 cycle	 (Scheme	 3.20)	 involves	 η2-coordination	 of	
the	key	Ni(I)	boryl	(xx)	species	to	the	aryl	ether,	followed	by	migratory	insertion,	a	[1,2]-shift	to	form	
MeO-B(OR)2	(xx)145	and	 a	Ni(I)	 aryl	 intermediate	 (xx).	 This	 ultimately	 undergoes	 σ-bond	metathesis	
with	 the	 diborane	 (xx)	 to	 provide	 the	 desired	 borylated	 product	 and	 recover	 the	 propagating	
{Ni(I)[B(OR)2]}	 species	 (xx).	 Considering	 that	 the	 rate-determining	 step	 may	 be	 the	 migratory	
insertion,	which	involves	arene	dearomatization,	the	proposed	mechanism	also	explains	the	increased	
reactivity	of	π-extended	systems	compared	to	regular	anisole	derivatives.		
	 	
                                                
140	E2	elimination	is	relatively	easier	in	cyclopentyl	rings	than	in	cycohexyl	rings:	Bordwell,	F.	G.;	Kern,	R.	J.	J.	Am.	Chem.	
Soc.	1956,	78,	3473.	
141	(a)	Liu,	X.;	Hsiao,	C.-C.;	Kalvet,	I.;	Leiendecker,	M.;	Guo,	L.;	Schoenebeck,	F.;	Rueping,	M.	Angew.	Chem.	Int.	Ed.	2016,	
55,	6093.	(b)	Kelley,	P.;	Edouard,	G.	A.;	Lin,	S.;	Agapie,	T.	Chem.	Eur.	J.	2016.	DOI:	10.1002/chem.201604160	
142	In	a	recent	report	it	has	been	speculated	that	trialkylboranes	could	also	activate	Cnaphthyl-OMe	bonds	via	Lewis	acidic	
coordination:	see	ref.	131.	
143	(a)	Cornella,	J.;	Martin,	R.	Org.	Lett.	2013,	15,	6298.	(b)	Ogawa,	H.;	Minami,	H.;	Ozaki,	T.;	Komagawa,	S.;	Wang,	C.;	
Uchiyama,	M.	Chem.	 Eur.	 J.	2015,	21,	 13904.	 (c)	 Tobisu,	M.;	Takahira,	 T.;	Morioka,	 T.;	Chatani,	N.	 J.	Am.	Chem.	 Soc.	
2016,	138,	6711.	(d)	Xu,	L.;	Chung,	L.-W.;	Wu,	Y.-D.	ACS	Catalysis	2016,	6,	483.		
144	Neeve,	E.	C.;	Geier,	S.	J.;	Mkhalid,	I.	A.	I.;	Westcott,	S.	A.;	Marder,	T.	B.	Chem.	Rev.	2016,	116,	9091.	
145	A	new	signal	in	the	11B{H}	NMR	spectra	of	the	reaction	crude	at	δ	=	18.1	ppm	(tol-d8)	may	correspond	to	MeO-Bnep	
(xx)	(11B{H}	NMR	spectra	of	commercially	available	MeO-Bpin	in	tol-d8	δ	=	22.6	ppm).	Other	possibility	is	that	xx	further	
reacts	with	HCO2Na	forming	a	borinate	salt	that	may	not	be	soluble	in	toluene.	
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Scheme	3.20.	Plausible	catalytic	cycle.	
	
Furthermore,	 our	 mechanistic	 proposal	 could	 rationalize	 that	 considerable	 reactivity	 is	 observed	
even	in	the	absence	of	base	(Table	3.1,	entry	1).	The	base	HCO2Na	could	contribute	to	an	increase	in	
reactivity	via	reversible	 interaction	with	the	diborane,	112	which	may	activate	the	B-B	bond	towards	
the	 formation	of	Ni(I)	 boryl	 species	 (xx).	However	more	nucleophilic	 bases	 such	as	 alkoxides	might	
irreversibly	 react	 with	 the	 bisboron	 compound112	thus	 impeding	 the	 formation	 of	 such	 Ni(I)	 active	
species.	This	could	explain	the	negligible	reactivity	observed	when	NaOMe	or	NaOtBu	were	employed	
(Table	 3.1,	 entries	 2	 and	 3).	 Moreover,	 as	 mentioned	 above,	 the	 lack	 of	 deuterium	 incorporation	
observed	 when	 xx-D	 was	 employed	 as	 substrate	 (Scheme	 3.19,	 A)	 may	 be	 an	 indirect	 probe	 that	
oxidative	addition	intermediate	xx	is	not	formed.146	
	
Undoubtedly,	 more	 rigorous	 studies	 are	 required	 in	 order	 to	 completely	 rule	 out	 a	 Ni(0)/Ni(II)	
Miyaura	 borylation-type	 mechanism	 (Scheme	 3.6,	 left)	 and	 probe	 the	 intermediacy	 of	 Ni(I)	 boryl	
species.	For	this	aim	monitoring	the	reaction	via	EPR	spectroscopy	would	be	very	useful	 in	order	to	
investigate	whether	a	characteristic	spectrum	for	Ni(I)	species	is	obtained.	Furthermore,	probing	the	
oxidative	addition	of	the	B-B	bond	to	Ni(0)	via	stoichiometric	reactions	of	Ni(COD)2/PCy3	with	B2(OR)4	
would	be	also	necessary	for	drawing	more	reliable	conclusions.	
	
3.3.	Conclusions	
In	 the	 present	 chapter,	 we	 have	 reported	 a	 previously	 unrecognized	 opportunity	 in	 the	 field	 of	
C-OMe	 bond	 cleavage	 for	 promoting	 an	 Ni–catalyzed	 ipso-borylation	 of	 aryl	 and	 benzyl	 methyl	
ethers.	 This	 methodology	 not	 only	 provides	 a	 direct	 alternative	 for	 the	 synthesis	 of	 organoboron	
compounds,	highly	useful	scaffolds	in	organic	synthesis,	but	also	complements	classical	ortho-,	meta-,	
and	para-borylation	strategies.	 In	addition,	our	C-B	bond	formation	platform	contributes	to	expand	
the	virtually	unexplored	field	of	C-heteroatom	formation	with	challenging	C-O	based	electrophiles.	
Importantly,	 all	 the	 reagents	necessary	 for	 this	 transformation	 are	 commercially	 available,	which,	
together	 with	 the	 readily	 availability	 of	 C-OMe	 electrophiles,	 made	 this	 borylation	 reaction	 a	
straightforward	 platform	 towards	 boronic	 esters.	 Furthermore,	 highly	 reactive	 stoichiometric	
organometallic	 species	 or	 harsh	 bases	 were	 not	 required	 unlike	 in	 previous	 couplings	 of	
methoxyarenes,	 thus	 providing	 a	 wide	 functional	 group	 tolerance.	 The	 substrate	 scope	 is	 not	
                                                
146	It	 has	 been	 computationally	 confirmed	 in	 ref.	 115b	 that	 β–hydride	 elimination	of	 oxidative	 addition	 complex	 (xx)	
follows	a	low-energetic	pathway	to	form	naphthalene	and	experimentally	detected	[(PCy3)2Ni(CO)]	complex.	Therefore,	
we	consider	 that	 the	 low	amount	of	naphthalene	observed	do	not	support	an	oxidative	addition	pathway	(Table	3.8,	
entry	6).	
Ni
Cy3P
Cy3P
B(OR)2
+ 2 PCy3 OMe
PCy3
OMe
B(OR)2
Ni
PCy3
O
B(OR)2Ni
PCy3
Ni
PCy3
PCy3
PCy3
B(OR)2
Me
B2(OR)4
B2(OR)4
B(OR)2
Ni(COD)2
xx
xx
MeO
xx
xx
xx
xx
I
I
I
I
Ni
OMe
Ln
xx
Oxidative addition 
key intermediate
potentially discarded
IIxx
xx
xx
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restricted	to	aryl	methyl	ethers,	also	primary	and	secondary	benzyl	methyl	ethers	could	be	borylated	
via	 C(sp3)-OMe	 activation.	 Our	 protocol	 is	 also	 characterized	 by	 an	 exquisite	 divergence	 in	 site-
selectivity	that	can	be	easily	modulated	by	a	judicious	choice	of	the	corresponding	boron	reagent	and	
base.		
The	fact	that	non	π-extended	backbones	could	be	equally	borylated	by	locating	an	activating	group	
at	 the	 ortho	 position	 to	 the	methoxy	moiety	 should	 be	 especially	 highlighted	 in	 that	 the	 principal	
Achilles	 heel	 in	 the	 C-O	bond	 functionalization	 arena	 is	 the	 low	 reactivity	 of	 these	 subsrates.	 This	
limitation	 is	 especially	 evident	 when	 using	 highly	 energetic	 C-OMe	 electrophiles	 and	 less	 reactive	
heteroatom-based	nucleophiles.	
Finally,	we	have	preliminarily	proposed	a	mechanistic	pathway	based	on	Ni(I)	boryl	catalytic	species,	
which	 differs	 from	 conventional	 Ni(0)/Ni(II)	 catalytic	 cycle	 consisting	 of	 C-O	 oxidative	 addition,	
transmetallation	and	final	reductive	elimination.	However,	further	investigations	must	be	realized	in	
order	to	support	our	mechanistic	scenario.	
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3.4.	Experimentan	Procedure	
	
3.4.1.	General	Considerations	
	
Reagents.	Commercially	available	materials	were	used	without	further	purification.	Ni(COD)2	and	PCy3	
were	 purchased	 from	 Strem	 Chemicals.	 HCO2Na	 was	 purchased	 from	 Aldrich.	 B2(nep)2	 (xx)	 was	
purchased	from	D-L	Chiral	Chemicals,	LLC	and	B2(pin)2	(xx)	was	purchased	from	CombiPhos	Catalysts,	
Inc.	 Anhydrous	 toluene	 was	 purchased	 from	 Alfa	 Aesar.	 All	 other	 reagents	 were	 aquired	 from	
commercial	 sources	 and	 used	 as	 received.	 Flash	 column	 chromatography	 was	 performed	with	 EM	
Science	 silica	 gel	 60	 (230-400	mesh).	 Thin	 layer	 chromatography	was	 carried	 out	 using	Merck	 TLC	
Silica	gel	60	F254.	
	
Analytical	methods.	1H	NMR	and	13C	NMR	spectra	and	melting	points	(where	applicable)	are	included	
for	all	compounds.	1H	NMR	and	13C	NMR	spectra	were	recorded	on	a	Bruker	300,	400	and	500	MHz	at	
20	 ºC.	 All	 1H	 NMR	 spectra	 are	 reported	 in	 parts	 per	 million	 (ppm)	 downfield	 of	 TMS	 and	 were	
measured	 relative	 to	 the	 signals	 for	 CHCl3	 (7.26	 ppm).	 All	 13C	 NMR	 spectra	were	 reported	 in	 ppm	
relative	to	residual	CHCl3	(77	ppm)	and	were	obtained	with	1H	decoupling.	Coupling	constants,	J,	are	
reported	 in	 hertz.	 Melting	 points	 were	 measured	 using	 open	 glass	 capillaries	 in	 a	 Mettler	 Toledo	
MP70	 apparatus.	 Gas	 chromatographic	 analyses	 were	 performed	 on	 Hewlett-Packard	 6890	 gas	
chromatography	instrument	with	a	FID	detector.	Specific	Optical	Rotation	was	obtained	using	a	Jasco	
P-1030	 model	 polarimeter	 equipped	 with	 a	 PMT	 detector	 using	 the	 Sodium	 line	 at	 589	 nm.	
UltraPerformance	 Convergence	 Chromatography	 (UPC2)	 analysis	 was	 performed	 on	 Acquity	 UPC2	
Waters	instrument	equipped	with	a	Chiralpack	IA	column	eluting	iPrOH/CO2	at	ambient	temperature	
and	monitored	 by	Photodiode	 Array	 Detector	 (PDA).	 The	 yields	 reported	 in	 Schemes	 xx,	 xx	 and	 xx	
refer	 to	 isolated	yields	and	represent	an	average	of	at	 least	 two	 independent	 runs.	The	procedures	
described	 in	 this	 section	are	 representative.	Thus,	 the	yields	may	differ	 slightly	 from	those	given	 in	
Schemes	xx,	xx	and	xx.	
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3.4.2.	Optimization	Details	
	
General	procedure	for	conditions	screening.	An	oven-dried	5	mL	screw-capped	test	tube	containing	
a	stirring	bar	was	charged	with	1a	(79.0	mg,	0.50	mmol),	2a	(225.9	mg,	1.0	mmol)	and	HCO2Na	(102.0	
mg,	1.5	mmol).	The	 test	 tube	was	 introduced	 in	an	argon-filled	glovebox	where	Ni(COD)2	 (13.8	mg,	
10.0	 mol	 %),	 PCy3	 (28.0	 mg,	 20.0	 mol	 %)	 and	 additional	 toluene	 (2.0	 mL)	 were	 then	 added	
sequentially.	 The	 tube	with	 the	mixture	was	 taken	 out	 of	 the	 glovebox	 and	 placed	 in	 a	 preheated	
block	at	the	desired	temperature	for	15	h.	After	this	time,	the	reaction	crude	was	allowed	to	warm	to	
room	temperature	and	diluted	with	EtOAc	(5	mL).	Next,	decane	(97	µL,	0.50	mmol)	was	added	and	an	
aliquot	of	the	resulting	mixture	was	filtered	through	a	Celite®	plug,	eluting	with	additional	EtOAc	(10	
mL),	and	submitted	to	GC	analysis.	
	
3.4.3.	Synthesis	of	Starting	Materials	
	
Not	 commercially	 available	 aryl	 and	 benzyl	 methyl	 ethers	 were	 prepared	 via	 reaction	 of	 the	
commercial	alcohol	in	the	presence	of	NaH	(1.50	equiv)	and	MeI	(1.50	equiv)	in	THF	or	DMF	at	room	
temperature	for	16	h.	Compounds	4a,	4b,	4c,	mechanism	were	prepared	from	the	carboxylic	acid.147	
Compound	6b	was	obtained	from	6-hydroxy-2-naphthoic	acid	according	to	reported	procedures.148	D-
xx	was	synthesized	following	a	reported	protocol.149	All	these	products	were	purified	by	regular	flash	
chromatography	(Hexanes	/	EtOAc	mixtures).	The	rest	of	the	substrates	were	synthesized	as	specified	
below.	
	
2-methoxy-3-methylnaphthalene	 (1i).	 2-methoxynaphthalene	 (791	 mg,	 5	 mmol)	 was	 dissolved	 in	
anhydrous	 THF	 (25	 mL)	 and	 cooled	 to	 -78	 ºC.	 Once	 reached	 that	 temperature,	 nBuLi	 (2.2	 mL,	 1.1	
equiv.,	2.5	M	in	hexanes)	was	added	dropwise	and	the	resulting	pale	yellow	solution	was	stirred	for	
1h	 at	 room	 temperature.	 Then,	MeI	 (2.0	mL,	 6.4	 equiv.)	was	 added	 at	 -78	 ºC	 and	 the	mixture	was	
stirred	at	room	temperature	for	16	h.	The	reaction	mixture	was	quenched	with	a	saturated	aqueous	
solution	of	NH4Cl	 (50	mL)	 and	 the	organic	phase	was	extracted	with	EtOAc	 (50	mL	 x	3),	 dried	over	
MgSO4,	 and	 concentrated	 under	 reduced	 pressure.	 The	 crude	 reaction	 mixture	 was	 purified	 by	
column	chromatography	on	silica	gel	 (Hexane/EtOAc	50:1)	yielding	1i	as	white	solid	 (654	mg,	76%).	
Mp	71-73	ºC.	1H	NMR	(400	MHz,	CDCl3):	δ	7.73	(t,	J	=	7.3	Hz,	2H),	7.59	(s,	1H),	7.41	(t,	J	=	7.5	Hz,	1H),	
7.33	(t,	J	=	7.5	Hz,	1H),	7.09	(s,	1H),	3.96	(s,	3H),	2.41	(s,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	157.0,	
                                                
147	Wright,	S.	W.;	Hageman,	D.	L.;	Wright,	A.	S.;	McClure,	L.	D.	Tet.	Lett.	1997,	38,	7345.	
148	Barbero,	N.;	Martin,	R.	Org.	Lett.	2012,	14,	796.		
149	Cornella,	J.;	Gómez-Bengoa,	E.;	Martin,	R.	J.	Am.	Chem.	Soc.	2013,	135,	1997.	
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133.5,	129.0,	128.9,	128.6,	127.0,	126.5,	125.5,	123.6,	104.5,	55.4,	17.0	ppm.	Spectroscopic	data	for	1i	
match	those	previously	reported	in	the	literature.150	
	
	
Triisopropyl((6-methoxynaphthalen-2-yl)oxy)silane	(1e).	Colorless	oil.	Rf	0.59	(CH2Cl2).	1H	NMR	(400	
MHz,	CDCl3):	δ	7.61	(d,	J	=	9.2	Hz,	1H),	7.58	(d,	J	=	9.2	Hz,	1H),	7.17	(d,	J	=	2.4	Hz,	1H),	7.12	(d,	J	=	2.6	
Hz,	1H),	7.10-7.08	(m,	2H),	3.90	(s,	3H),	1.39-1.25	(m,	3H),	1.13	(d,	J	=	7.4	Hz,	18H)	ppm.	13C	NMR	(75	
MHz,	CDCl3):	δ	156.3,	152.3,	130.1,	130.0,	128.2,	128.0,	122.5,	119.0,	115.0,	106.0,	55.4,	18.1,	12.9	
ppm.	 IR	 (neat,	cm-1):	1601,	1505,	1388,	1235,	1153,	1115,	973,	948,	882,	790,	733,	660,	472.	HRMS	
(ESI)	[C20H31O2Si]	(M+H)	calcd.	331.2088,	found	331.2074.	
	
Methyl	 6-methoxy-1-naphthoate	 (1f).	 Yellow	 solid.	 Rf	 0.44	 (Hex:EtOAc	 9:1).	Mp	 39-40	 ºC.	1H	 NMR	
(400	MHz,	CDCl3):	δ	8.86	(d,	J	=	9.6	Hz,	1H),	8.03	(dd,	J	=	7.3,	1.3	Hz,	1H),	7.88	(dt,	J	=	8.6,	1.0	Hz,	1H),	
7.43	(dd,	J	=	8.3,	7.3	Hz,	1H),	7.28	(dd,	J	=	9.5	Hz,	1H),	7.14	(d,	J	=	2.8	Hz,	1H),	3.98	(s,	3H),	3.90	(s,	3H)	
ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	168.1,	157.6,	135.4,	132.1,	127.9,	127.5,	127.0,	126.8,	125.1,	120.3,	
106.4,	55.2,	52.1.	 IR	(neat,	cm-1):	2956,	1716,	1508,	1431,	1282,	1255,	1200,	1175,	1128,	1012,	830,	
804,	746	ppm.	HRMS	(ESI)	[C13H12NaO3]	(M+Na)	calcd.	239.0675,	found	239.0684.	
	
1-(6-Methoxynaphthalen-1-yl)-2,2-dimethylpropan-1-one	 (1g).	Yellow	oil.	Rf	 0.42	 (Hex:EtOAc	10:1).	
1H	NMR	(400	MHz,	CDCl3)	δ	7.75	(d,	J	=	8.4	Hz,	1H),	7.53-7.50	(m,	1H),	7.40	(dd,	J	=	8.3,	7.1	Hz,	1H),	
7.20	 (dd,	 J	=	7.0,	1.2	Hz,	1H),	7.17-7.14	 (m,	2H),	3.92	 (s,	3H),	1.31	 (s,	9H)	ppm.	 13C	NMR	(126	MHz,	
CDCl3)	δ	214.8,	157.8,	139.0,	135.1,	127.9,	127.1,	125.4,	125.0,	120.2,	119.6,	106.4,	55.5,	45.6,	27.4	
ppm.	 IR	 (neat,	 cm-1):	 2965,	 1685,	 1624,	 1509,	 1262,	 1242,	 1168,	 1085,	 950,	 846,	 827,	 780,	 755.	
HRMS(ESI)	[C16H18NaO2]	(M+Na)	calcd.	265,1204,	found	265.1199.	
	
	
	
	
	
                                                
150	Barbero,	N.;	Martin,	R.	Org.	Lett.	2012,	14,	796.	
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	7-Methoxy-N,N-dimethylnaphthalen-1-amine	(1h).	Yellow	oil.	Rf	0.21	(Hex:EtOAc	95:5).	1H	NMR	(500	
MHz,	CDCl3):	δ	7.74	(d,	J	=	9.2	Hz,	1H),	7.56	(d,	J	=	2.6	Hz,	1H),	7.48	(d,	J	=	8.1	Hz,	1H),	7.31-7.25	(m,	
1H),	7.15	(dd,	J	=	9.0,	2.7	Hz,	1H),	7.10	(dd,	J	=	7.5,	1.0	Hz,	1H),	3.97	(s,	3H),	2.89	(s,	6H)	ppm.	13C	NMR	
(126	MHz,	CDCl3):	157.5,	149.9,	130.2,	130.1,	130.0,	123.6,	123.0,	118.4,	114.9,	102.7,	55.5,	45.1	ppm.	
IR	 (neat,	 cm-1):	 2936,	 2826,	 1624,	 1446,	 1431,	 1255,	 1240,	 1214,	 1168,	 1146,	 1029,	 938,	 825,	 744.	
HRMS(ESI)	[C13H16NO]	(M-H)	calcd.	202.1075,	found	202.1229.	
	
Tert-butyl	 3-methoxy-[1,1'-biphenyl]-4-carboxylate	 (4i).	 Off-white	 solid.	 Rf	 0.16	 (Hex:EtOAc	 95:5).	
Mp	68-69	oC.	1H	NMR	(400	MHz,	CDCl3):	δ	7.82	(d,	J	=	7.9	Hz,	1H),	7.63-7.54	(m,	2H),	7.50-	7.42	(m,	
2H),	7.42-7.37	(m,	1H),	7.17	(dd,	J	=	8.0,	1.5	Hz,	1H),	7.15	(d,	J	=	1.6	Hz,	1H),	3.97	(s,	3H),	1.61	(s,	9H)	
ppm.	13C	NMR	(101	MHz,	CDCl3):	165.3,	159.7,	146.3,	140.6,	132.2,	129.0,	128.2,	127.4,	120.6,	119.0,	
111.2,	81.1,	56.2,	28.5	ppm.	 IR	 (neat,	cm-1):	2979,	1717,	1706,	1484,	1316,	1242,	1154,	1083,	1020,	
771,	760,	706.	HRMS(ESI)	[C18H20NaO3]	(M+Na)	calcd.	307.1310,	found	307.1305.	
	
1-Methoxy-2-(methoxymethyl)naphthalene	(6b).	Colorless	 liquid.	Rf	0.31	(Hex:EtOAc	20:1).	1H	NMR	
(400	MHz,	CDCl3)	δ	8.18	(d,	J	=	7.8	Hz,	1H),	7.87	(d,	J	=	7.3	Hz,	1H),	7.67	(d,	J	=	8.4	Hz,	1H),	7.59-7.48	
(m,	3H),	4.74	(s,	2H),	4.00	(s,	3H),	3.49	(s,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	154.2,	134.8,	128.1,	
127.96,	 127.2,	 126.6,	 126.2,	 126.0,	 124.2,	 122.3,	 69.3,	 62.9,	 58.3	 ppm.	 IR	 (neat,	 cm-1):	 1574,	 1445,	
1367,	 1192,	 1081,	 983,	 812,	 753,	 433.	 HRMS	 (ESI)	 [C13H14NaO2]	 (M+Na)	 calcd.	 225.0886,	 found	
225.0885.	
	
3.4.4.	General	Procedure	for	Ni-catalyzed	C(sp2)-OMe	Borylation	
 
 
General	 procedure	 A	 (5,5-dimethyl-2-(naphthalen-2-yl)-1,3,2-dioxaborinane	 3a	 is	 used	 as	 an	
example).	An	oven-dried	5	mL	screw-capped	test	tube	containing	a	stirring	bar	was	charged	with	3a	
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(79.0	mg,	0.50	mmol),	2a	(225.9	mg,	1.0	mmol)	and	HCO2Na	(102.0	mg,	1.5	mmol).	The	test	tube	was	
introduced	 in	 an	 argon-filled	 glovebox	 where	 Ni(COD)2	 (13.8	mg,	 10.0	mol%),	 PCy3	 (28.0	mg,	 20.0	
mol%)	and	toluene	(2.0	mL)	were	then	added	sequentially.	The	tube	with	the	mixture	was	taken	out	
of	 the	 glovebox	 and	 stirred	 at	 95	 ºC	 for	 15	 h.	 The	 mixture	 was	 then	 allowed	 to	 warm	 to	 room	
temperature,	 diluted	with	 EtOAc	 (5	mL)	 and	 filtered	 through	 a	 Celite®	 plug,	 eluting	with	 additional	
EtOAc	 (10mL).	 The	 filtrate	 was	 concentrated	 and	 purified	 by	 column	 chromatography	 on	 silica	 gel	
(Hex:EtOAc	10:1)	afforded	3a	as	a	white	solid	in	80%	yield	(96.0	mg).	Rf	0.20	(Hex:EtOAc	10:1).	Mp	90-
91	oC.	1H	NMR	(400	MHz,	CDCl3):	δ	8.35	(s,	1H),	7.92-7.77	(m,	4H),	7.52-7.43	(m,	2H),	3.84	(s,	4H),	1.06	
(s,	 6H)	 ppm.	 13C	 NMR	 (101	MHz,	 CDCl3):	 δ	 135.2,	 135.0,	 133.1,	 130.1,	 128.8,	 127.8,	 126.9,	 126.8,	
125.7,	 72.6,	 32.1,	 22.1	 ppm	 (carbon	 atom	 directly	 attached	 to	 the	 boron	 atom	 could	 not	 be	
observed).	Spectroscopic	data	for	3a	match	those	previously	reported	in	the	literature.	151,152	
	
	
6-(5,5-Dimethyl-1,3,2-dioxaborinan-2-yl)naphthalen-2-yl)trimethylsilane	(3b).	Following	the	general	
procedure	A	using	1b	(115.2	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	
(Hex:EtOAc	10:1)	afforded	3b	as	a	white	solid	in	74%	yield	(115.5	mg).	Rf	0.41	(Hex:EtOAc	9:1).	Mp	65-
66	oC.	1H	NMR	(500	MHz,	CDCl3):	δ	8.38	(s,	1H),	8.04	(s,	1H),	7.93-7.84	(m,	3H),	7.63	(dd,	J	=	8.2,	1.2	Hz,	
1H),	 3.86	 (s,	 4H),	 1.08	 (s,	 6H),	 0.39	 (s,	 9H)	 ppm.	13C	NMR	 (126	MHz,	 CDCl3):	 δ	 139.0,	 135.0,	 134.4,	
133.7,	133.2,	130.2,	129.7,	127.8,	127.0,	72.5,	32.1,	22.1,	-0.9	ppm	(carbon	atom	directly	attached	to	
the	boron	atom	could	not	be	observed).	 IR	 (neat,	cm-1):	2957,	2929,	1480,	1304,	1240,	1180,	1121,	
1085,	876,	825,	749,	685,	659,	475.	HRMS(APCI)	[C18H25BO2Si]	(M+)	calcd.	312.1717,	found	312.1719.	
	
	
5,5-Dimethyl-2-(naphthalen-1-yl)-1,3,2-dioxaborinane	 (3c).	 Following	 the	 general	 procedure	 A	
using	1c	 (79.0	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	 (Hex:EtOAc	
10:1)	afforded	3c	as	a	white	solid	 in	84%	yield	(100.8	mg).	Rf	0.48	(Hex:EtOAc	9:1).	Mp	55-56	oC.	1H	
NMR	(400	MHz,	CDCl3):	δ	8.80	(dd,	J	=	8.4,	1.2	Hz,	1H),	8.08	(dd,	J	=	6.9,	1.4	Hz,	1H),	7.93	(d,	J	=	8.2	Hz,	
1H),	7.86	(dd,	J	=	8.1,	1.5	Hz,	1H),	7.59-7.42	(m,	3H),	3.91	(s,	4H),	1.11	(s,	6H)	ppm.	13C	NMR	(101	MHz,	
CDCl3):	δ	136.8,	134.5,	133.5,	131.0,	128.5,	128.5,	126.1,	125.3,	125.1,	72.6,	31.9,	22.1ppm	(carbon	
                                                
151 	NOTE:	 The	 corresponding	 aryl	 boronates	 were	 quickly	 purified	 by	 column	 chromatography	 (otherwise,	
decomposition	was	observed	in	virtually	all	cases	analyzed).	
152	(a)	Ukai,	T.;	Aoki,	M.;	Takaya,	J.	J.	Am.	Chem.	Soc.	2006,	128,	8706.	(b)	Tobisu,	M.;	Kinuta,	H.;	Kita,	Y.;	Rémond,	E.;	
Chatani,	N.	J.	Am.	Chem.	Soc.	2012,	134,	115.	
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atom	directly	attached	to	the	boron	atom	could	not	be	observed).	Spectroscopic	data	 for	3c	match	
those	previously	reported	in	the	literature.6b	
	
1-(6-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)naphthalen-2-yl)-1H-pyrrole(3d).	 Following	 the	 general	
procedure	A	using	1d	(111.6	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	
(Hex:EtOAc	10:1)	afforded	3e	 as	a	white	solid	 in	56%	yield	 (85.5	mg).	Rf	0.32	 (Hex:EtOAc	10:1).	Mp	
147-148	oC.	1H	NMR	(400	MHz,	CDCl3):	δ	8.36	(s,	1H),	7.99-7.80	(m,	3H),	7.78	(d,	J	=	2.3	Hz,	1H),	7.57	
(dd,	J	=	8.8,	2.2	Hz,	1H),	7.23	(t,	J	=	2.2	Hz,	2H),	6.41	(t,	J	=	2.2	Hz,	2H),	3.84	(s,	4H),	1.07	(s,	6H)	ppm.13C	
NMR	(101	MHz,	CDCl3):	δ138.9,	135.4,	135.0,	131.2,	131.0,	130.5,	126.7,	120.0,	119.7,	117.2,	110.8,	
72.6,	 32.1,	 22.1	ppm	 (carbon	atom	directly	 attached	 to	 the	boron	atom	could	not	be	observed).	IR	
(neat,	 cm-1):	 2957,	 2935,	 1493,	 1478,	 1309,	 1297,	 1249,	 1229,	 1119,	 880,	 810,	 717,	 705,	 688,	 470.	
HRMS(APCI)	[C19H20BNO2]	(M+)	calcd.	305.1587,	found	305.1593.	
	
	
	
6-(5,5-Dimethyl-1,3,2-dioxaborinan-2-yl)naphthalen-2-yl)oxy)-triisopropylsilane	 (3e).	 Following	 the	
general	 procedure	 A	 (at	 120	 oC)	 using	 1f	 (165.3	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Hex:EtOAc	10:1)	afforded	3e	as	a	white	solid	in	66%	yield	(136.1	mg).	Rf	
0.35	(Hex:EtOAc	10:1).	Mp	67-69	oC.1H	NMR	(400	MHz,	CDCl3):	δ	8.26	(s,	1H),	7.78	(dd,	J	=	8.3,	1.2	Hz,	
1H),	7.75	(d,	J	=	8.8	Hz,	1H),	7.65	(d,	J	=	8.3	Hz,	1H),	7.20	(d,	J	=	2.4	Hz,	1H),	7.10	(dd,	J	=	8.8,	2.4	Hz,	
1H),	3.82	 (s,	4H),	1.37-1.25	 (m,	3H),	1.13	 (d,	 J	=	7.4	Hz,	18H),	1.05	 (s,	6H)	ppm.	13C	NMR	(101	MHz,	
CDCl3):	δ	154.8,	136.4,	134.9,	130.4,	130.3,	128.8,	125.8,	121.9,	114.5,	72.5,	32.1,	22.1,	18.1,	12.9	ppm	
(carbon	atom	directly	attached	to	the	boron	atom	could	not	be	observed).	IR	(neat,	cm-1):	2866,	1626,	
1476,	1305,	1250,	1203,	1133,	1115,	968,	927,	869,	839,	673,	475.	HRMS	(ESI)	[C24H37BNaO3Si]	(M+Na)	
calcd.	435.2497,	found	435.2488.	
	
Methyl	6-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-1-naphthoate	(3f).	Following	the	general	procedure	
A	using	1f	(165.3	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	
10:1)	afforded	3f	as	a	very	viscous	colorless	oil	 in	66%	yield	 (98.4	mg).	Rf	0.19	 (Hex:EtOAc	10:1).	 1H	
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NMR	(500	MHz,	CDCl3):	δ	8.85	(d,	J	=	8.7	Hz,	1H),	8.37	(s,	1H),	8.20	(dd,	J	=	7.4,	1.2	Hz,	1H),	8.06	(d,	J	=	
8.1	Hz,	1H),	7.98	(dd,	J	=	8.8,	1.3	Hz,	1H),	7.48	(t,	J	=	7.4,	1H),	4.00	(s,	3H),	3.84	(s,	4H),	1.06	(s,	6H)	
ppm.	 13C	 NMR	 (101	 MHz,	 CDCl3):	 δ	 168.2,	 135.7,	 134.3,	 133.4,	 132.9,	 132.1,	 131.1,	 127.0,	 124.7,	
124.4,	 72.6,	 52.2,	 32.1,	 22.1	 ppm	 (carbon	 atom	 directly	 attached	 to	 the	 boron	 atom	 could	 not	 be	
observed).	IR	(neat,	cm-1):	2959,	1710,	1745,	1299,	1280,	1246,	1193,	1121,	1020,	812,	753,	700,	682.	
HRMS	(ESI)	[C17H19BNaO4]	(M+Na)	calcd.	321.1274,	found	321.1261.	
	
1-(6-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)naphthalen-1-yl)-2,2-dimethylpropan-1-one	 (3g).	
Following	 the	 general	 procedure	 A	 using	 1g	 (165.3	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Hex:EtOAc	10:1)	afforded	3g	as	a	colorless	oil	in	56%	yield	(90.8	mg).	Rf	
0.27	(Hex:EtOAc	8:2).	1H	NMR	(500	MHz,	CDCl3):	δ	8.35	(s,	1H),	7.89	(d,	J	=	8.3	Hz,	1	H),	7.85	(dd,	J	=	
8.4,	1.3	Hz,	1H),	7.57	(d,	J	=	8.4	Hz,	1H),	7.43	(dd,	J	=	8.1,	7.0	Hz,	1H),	7.34	(dd,	J	=	6.9,	1.3	Hz,	1H),	3.83	
(s,	4H),	1.30	(s,	9H),	1.05	(s,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	214.8,	138.9,	135.6,	133.1,	131.4,	
130.9,	129.8,	124.5,	124.2,	123.1,	72.6,	45.7,	32.1,	27.4,	22.1	ppm	(carbon	atom	directly	attached	to	
the	boron	atom	could	not	be	observed).	 IR	 (neat,	cm-1):	2962,	1679,	1478,	1301,	1253,	1222,	1192,	
1128,	1086,	939,	807,	786,	764,	700,	680.	HRMS	(ESI)	 [C20H25BNaO3]	 (M+Na)	calcd.	347.1794,	 found	
347.1797.	
	
3-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-9-methyl-9H-carbazole	 (3h).	 Following	 the	 general	
procedure	A	using	1h	(105.6	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	
(Hex:EtOAc	10:1)	afforded	3h	as	a	white	solid	 in	57%	yield	 (83.6	mg).	Rf	0.14	 (Hex:EtOAc	10:1).	Mp	
127-129	oC.	1H	NMR	(400	MHz,	CDCl3):	δ	8.15-	8.07	(m,	2H),	7.91	(s,	1H),	7.71	(dd,	J	=	7.9,	0.9	Hz,	1H),	
7.49	(ddd,	J	=	8.2,	7.0,	1.2	Hz,	1H),	7.41	(d,	J	=	8.2	Hz,	1H),	7.25-7.21	(m,	1H),	3.89	(s,	3H),	3.86	(s,	4H),	
1.08	(s,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	141.6,	140.8,	126.2,	125.0,	124.3,	122.8,	120.8,	119.6,	
118.8,	 114.1,	 108.6,	 72.6,	 32.1,	 29.2,	 22.1	 ppm	 (carbon	 atom	 directly	 attached	 to	 the	 boron	 atom	
could	not	be	observed).	 IR	 (neat,	 cm-1):	2956,	2927,	1477,	1304,	1275,	1245,	1228,	1110,	744,	724,	
700,	680.	HRMS	(APCI)	[C18H20BNO2]	(M+)	calcd.	293.1587,	found	293.1593.	
	 	
B
O
O
COtBu
N
Me
B O
O
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
	7-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-N,N-dimethylnaphthalen-1-amine	 (3i).	 Following	 the	
general	procedure	A	using	1i	 (100.6	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	
silica	 gel	 (Hex:EtOAc	10:1)	 afforded	3i	 as	 a	white	 solid	 in	 66%	yield	 (186.9	mg).	 Rf	 0.20	 (Hex:EtOAc	
9:1).	Mp	129-131	oC.	1H	NMR	(500	MHz,	CDCl3):	δ	8.77	(s,	1H),	7.91-7.76	(m,	2H),	7.50	(d,	J	=	8.2	Hz,	
1H),	7.41	(t,	J	=	7.6	Hz,	1H),	7.06	(d,	J	=	7.4	Hz,	1H),	3.84	(s,	4H),	2.95	(s,	6H),	1.06	(s,	6H)	ppm.	13C	NMR	
(126	MHz,	 CDCl3):	 δ	 151.7,	 136.4,	 131.2,	 130.0,	 128.2,	 127.4,	 126.7,	 122.7,	 113.7,	 72.5,	 45.5,	 32.1,	
22.1	ppm	(carbon	atom	directly	attached	to	the	boron	atom	could	not	be	observed).	IR	(neat,	cm-1):	
2940,	 2827,	 1567,	 1452,	 1412,	 1294,	 1266,	 1249,	 1193,	 1122,	 934,	 831,	 813,	 747,	 699,	 635.	HRMS	
(ESI)	[C17H23NO2B]	(M+H)	calcd.	284.1822,	found	284.1839.	
	
5,5-Dimethyl-2-(3-methylnaphthalen-2-yl)-1,3,2-dioxaborinane	(3j).	Following	the	general	procedure	
A	using	1j	(86.1	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	
10:1)	afforded	3j	as	a	white	solid	in	68%	yield	(127.1	mg).	Rf	0.40	(Hex:EtOAc	10:1).	Mp	78-80	oC.	1H	
NMR	(400	MHz,	CDCl3):	δ	8.30	(s,	1H),	7.83	(d,	J	=	8.0	Hz,	1H),	7.72	(d,	J	=	8.3	Hz,	1H),	7.58	(s,	1H),	7.45	
(ddd,	J	=	8.2,	6.9,	1.4	Hz,	1H),	7.38	(ddd,	J	=	8.1,	6.8,	1.3	Hz,	1H),	3.84	(s,	4H),	2.67	(s,	3H),	1.08	(s,	6H)	
ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	140.2,	136.1,	134.8,	131.4,	128.3,	127.5,	126.9,	126.7,	124.8,	72.5,	
31.9,	23.0,	22.1	ppm	 (carbon	atom	directly	attached	 to	 the	boron	atom	could	not	be	observed).	 IR	
(neat,	 cm-1):	 1477,	1434,	1411,	1286,	1248,	1202,	1138,	1088,	889,	752,	694,	614,	480.	HRMS	 (ESI)	
[C16H19BNaO2]	(M+Na)	calcd.	277.1373,	found	277.1367.	
	
	
(S)-Methyl	 2-(6-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)naphthalen-2-yl)propanoate	 (3k).	 Following	
the	 general	 procedure	 A	 using	 1k	 (122.14	 mg,	 0.50	 mmol)	 (99%	 ee)	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Hex:EtOAc	9:1)	afforded	3k	as	a	white	solid	in	74%	yield	(120.7	mg).	Rf	
0.23	(Hex:EtOAc	9:1).	Mp	80-82	oC.	1H	NMR	(500	MHz,	CDCl3):	δ	8.32	(s,	1H),	7.87-	7.82	(m,	2H),	7.78	
(d,	J	=	8.2	Hz,	1H),	7.72	(s,	1H),	7.42	(dd,	J	=	8.5,	1.8	Hz,	1H),	3.89	(q,	J	=	7.1	Hz,	1H),	3.83	(s,	4H),	3.67	
(s,	 3H),	 1.59	 (d,	 J	 =	7.2	Hz,	 3H),	 1.06	 (s,	 6H)	ppm.	 13C	NMR	 (75	MHz,	CDCl3):	 δ	175.1,	 138.9,	 135.0,	
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134.9,	132.2,	130.4,	129.3,	126.8,	126.1,	125.6,	72.5,	52.2,	45.8,	32.1,	22.1,	18.7	ppm	(carbon	atom	
directly	attached	to	the	boron	atom	could	not	be	observed).	IR	(neat,	cm-1):	2932,	1731,	1478,	1421,	
1377,	1304,	1247,	1196,	1160,	1135,	1120,	1060,	900,	828,	814,	689,	478.	HRMS	(ESI)	[C19H23BNaO4]	
(M+Na)	calcd.	349.1587,	found	349.1599.	For	measuring	the	enantiomeric	excess,	the	title	compound	
was	oxidized	 to	 the	 corresponding	alcohol.153	The	 reaction	was	 cooled	 to	0	 °C	 (water/ice	bath)	and	
BHT	 (~2	mg)	 was	 added	 followed	 by	 anhydrous	 THF	 (2	mL).	 An	 ice-cold	 degassed	mixture	 of	 3	M	
NaOH	 (3.6	mL)	 and	 30%	 aqueous	 H2O2	 (1.8	mL)	 was	 added	 all	 at	 once.	 The	 reaction	mixture	 was	
stirred	at	room	temperature	for	2	h.	The	reaction	was	diluted	with	water	(5	mL)	and	extracted	with	
Et2O	 (3	x	20	mL).	The	combined	organic	 layers	were	washed	with	brine	and	dried	over	MgSO4.	The	
filtrate	 was	 concentrated	 and	 purified	 by	 column	 chromatography	 on	 silica	 gel	 (Hex:EtOAc	 8:2)	 to	
yield	 the	 corresponding	 alcohol	 as	 a	 white	 solid	 Rf	 0.25	 (Hex:EtOAc	 8:2).	 UltraPerformance	
Convergence	 Chromatography	 (UPC2)	 analysis:	 96%	 ee;	 Chiralpak	 IA	 column,	 CO2/iPrOH	 95:5,	 3	
mL/min,	PDA	detector,	tR	=	7.57	(major),	9.12	min	(minor).	[α]26D	=	+40.36	(c	=	1.1	mg/mL,	CH2Cl2).	
	
	
	
Tert-butyl	2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzoate	(5a).	Following	the	general	procedure	A	
(using	 1.0	 mmol	 HCO2Na)	 using	 4a	 (104.13	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Hex:EtOAc	99:1)	afforded	5a	as	a	colorless	oil	in	54%	yield	(78.3	mg);	Rf	
0.20	(Hex:EtOAc	8:2).	1H	NMR	(500	MHz,	CDCl3):	δ	7.83	(d,	J	=	7.7	Hz,	1H),	7.52-7.42	(m,	2H),	7.35	(td,	
J	=	7.5,	1.5	Hz,	1H),	3.78	(s,	4H),	1.59	(s,	9H),	1.11	(s,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	168.0,	
135.4,	131.4,	131.3,	128.5,	128.4,	81.2,	72.6,	32.0,	28.4,	22.3	ppm	(carbon	atom	directly	attached	to	
the	boron	atom	could	not	be	observed).	 IR	 (neat,	cm-1):	2928,	1699,	1476,	1301,	1245,	1131,	1080,	
751,	708,	645.	HRMS	(APCI)	[C12H14O3]	(M-OCMe3+)	calcd.	217,1036,	found	217.1047.	
                                                
153	Pulis,	A.	P.;	Blair,	D.	J.;	Torres,	E.;	Aggarwal,	V.	K.		J.	Am.	Chem.	Soc.	2013,	135,	16054.	
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	Tert-butyl	 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate	 (5b).	 Following	 the	 general	
procedure	 A	 (using	 1.0	 mmol	 2b	 and	 1.0	 mmol	 HCO2Na)	 using	 4b	 (104.1	 mg,	 0.50	 mmol)	 and	
purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	10:1)	afforded	5d	as	a	white	solid	in	
71%	Cyield;	Rf	0.42	(Hex:EtOAc	9:1).	Mp	77-78	oC.1H	NMR	(500	MHz,	CDCl3):	δ	7.81	(dt,	J	=	7.8,	1.0	Hz,	
1H),	7.48-7.43	(m,	2H),	7.36	(ddd,	J	=	7.8,	6.4,	2.4	Hz,	1H),	1.58	(s,	9H),	1.41	(s,	12H)	ppm.	13C	NMR	
(126	MHz,	CDCl3):	δ	167.6,	136.1,	131.9,	131.3,	128.7,	128.2,	83.9,	81.4,	28.3,	25.0	ppm	(carbon	atom	
directly	attached	to	the	boron	atom	could	not	be	observed).	Spectroscopic	data	for	5c	match	those	
previously	reported	in	the	literature.154	
	
Tert-butyl	3-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-[1,1'-biphenyl]-4-carboxylate	(5c).	Following	the	
general	procedure	A	 (using	1.0	mmol	HCO2Na	and	1.0	mL	 toluene)	using	4c	 (142.2	mg,	0.50	mmol)	
and	purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	9:1)	afforded	5c	as	a	colorless	oil	
in	60%	yield	(109.9	mg).	Rf	0.16	(Hex:EtOAc	8:2).	1H	NMR	(500	MHz,	CDCl3):	δ	7.92	(d,	J	=	8.1	Hz,	1H),	
7.70	(d,	J	=	2.0	Hz,	1H),	7.65-7.60	(m,	2H),	7.57	(dd,	J	=	8.1,	1.9	Hz,	1H),	7.44	(t,	J	=	7.6	Hz,	2H),	7.39-
7.33	 (m,	 1H),	 3.82	 (s,	 4H),	 1.62	 (s,	 9H),	 1.13	 (s,	 6H)	 ppm.	 13C	NMR	 (126	MHz,	 CDCl3):	 167.8,	 144.1,	
140.8,	134.3,	130.2,	129.1,	128.9,	127.8,	127.5,	127.2,	81.3,	72.6,	32.0,	28.4,	22.3	ppm	(carbon	atom	
directly	attached	to	the	boron	atom	could	not	be	observed).	IR	(neat,	cm-1):	2961,	2930,	1693,	1321,	
1301,	 1262,	 1135,	 1087,	 758,	 697.	 HRMS	 (ESI)	 [C22H27BNaO4]	 (M+Na)	 calcd.	 389.1900,	 found	
389.1900.	
	
5,5-Dimethyl-2-(2-(trifluoromethyl)phenyl)-1,3,2-dioxaborinane	 (5d).	 Following	 the	 general	
procedure	 A	 (using	 0.5	 mmol	 HCO2Na	 and	 0.5	 mL	 toluene)	 using	 4d	 (72	 μL,	 0.50	 mmol)	 and	
purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	9:1)	afforded	5d	as	a	colorless	oil	 in	
59%	yield	(76.1	mg).	Rf	0.35	(Hex:EtOAc	9:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.70	(d,	J	=	7.2	Hz,	1H),	7.65	
(dd,	J	=	7.6,	1.4	Hz,	1H),	7.54-7.41	(m,	2H),	3.80	(s,	4H),	1.07	(s,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	
134.0,	133.3	(q,	J	=	31.2	Hz),	130.8,	129.4,	125.4	(q,	J	=	5.1	Hz),	124.8	(q,	J	=	273.5	Hz),	72.8,	31.9,	22.0	
                                                
154	(a)	Kawamorita,	S.;	Ohmiya,	H.;	Hara,	K.;	Fukuoka,	A.;	Sawamura,	M.	J.	Am.	Chem.	Soc.	2009,	131,	5058.	
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ppm	(carbon	atom	directly	attached	to	 the	boron	atom	could	not	be	observed).	Spectroscopic	data	
for	5d	match	those	previously	reported	in	the	literature.155	
	
2-(5,5-Dimethyl-1,3,2-dioxaborinan-2-yl)-N,N-diethylbenzamide	 (5e).	 Following	 the	 general	
procedure	A	(using	1.0	mmol	2b	and	1.0	mmol	HCO2Na	and	0.5	mL	toluene)	using	4e	(103.6	mg,	0.50	
mmol)	and	purification	by	column	chromatography	on	silica	gel	(CH2Cl2:EtOAc	20:1)	afforded	5e	as	a	
colorless	oil	(56%	GC	yield).	Rf	0.26	(Hex:EtOAc	1:1).	1H	NMR	(400	MHz,	CDCl3):	δ	7.80	(dd,	J	=	7.3,	1.4	
Hz,	1H),	7.41	(td,	J	=	7.5,	1.5	Hz,	1H),	7.35	(td,	J	=	7.4,	1.3	Hz,	1H),	7.27-7.25	(d,	J	=	1.1	Hz,	1H),	3.57	(q,	
J	=	7.1	Hz,	2H),	3.20	(q,	J	=	7.1	Hz,	2H),	1.30-1.25	(m,	15H),	1.05	(t,	J	=	7.1	Hz,	3H)	ppm.	13C	NMR	(101	
MHz,	CDCl3):	δ	171.8,	142.7,	135.2,	130.6,	128.3,	125.6,	83.6,	43.1,	39.8,	25.0,	13.8,	12.6	ppm	(carbon	
atom	directly	attached	to	the	boron	atom	could	not	be	observed).	Spectroscopic	data	for	5e	match	
those	previously	reported	in	the	literature.156	
3.4.5.	General	Procedure	for	Ni-catalyzed	C(sp3)-OMe	Borylation	
 
 
General	 procedure	 B	 ((4,4,5,5-Tetramethyl-2-(naphthalen-2-ylmethyl)-1,3,2-dioxaborolane).	 An	
oven-dried	5	mL	screw-capped	test	tube	containing	a	stirring	bar	was	charged	with	1	(86.1	mg,	0.50	
mmol)	and	2b	(253.9	mg,	1.0	mmol).	The	test	tube	was	introduced	in	an	argon-filled	glovebox	where	
Ni(COD)2	(13.8	mg,	10.0	mol%),	PCy3	(28.0	mg,	20.0	mol%),	CsF	(227.9	mg,	1.5	mmol)	and	toluene	(2.0	
mL)	were	 then	 added	 sequentially.	 The	 tube	with	 the	mixture	was	 taken	 out	 of	 the	 glovebox	 and	
stirred	at	120	ºC	for	15	h.	The	mixture	was	then	allowed	to	warm	to	room	temperature,	diluted	with	
EtOAc	 (5	mL)	and	 filtered	 through	a	Celite®	plug,	eluting	with	additional	EtOAc	 (10	mL).	The	 filtrate	
was	concentrated	and	purified	by	column	chromatography	on	silica	gel	(Hex:EtOAc	10:1)	afforded	3l	
as	a	white	 solid	 in	61%	yield	 (81.8	mg).	Rf	 0.29	 (Hex:EtOAc	10:1).	Mp	67-69	 oC.	 1H	NMR	 (400	MHz,	
CDCl3):	δ	7.95-7.67	(m,	3H),	7.63	(s,	1H),	7.59-	7.32	(m,	3H),	2.47	(s,	2H),	1.25	(s,	12H)	ppm.	13C	NMR	
(101	MHz,	CDCl3):	 δ	136.5,	 133.9,	 131.6,	 128.4,	 127.8,	 127.7,	 127.4,	 126.7,	 125.8,	 124.8,	 83.6,	 24.9	
ppm	 (carbon	 atom	 bonded	 to	 the	 boron	 atom	 could	 not	 be	 observed).	 Spectroscopic	 data	 for	 3l	
match	those	previously	reported	in	the	literature.157	
                                                
155	Zhao,	Y.;	Snieckus,	V.	J.	Am.	Chem.	Soc.	2014,	136,	11224.	
156	Zhao,	Z.;	Snieckus,	V.	Org.	Lett.	2005,	7,	2523	
157	Li,	H.;	Wang,	L.;	Zhang,	Y.;	Wang,	J.	Angew.	Chem.,	Int.	Ed.	2012,	51,	2943.	
CONEt2
B
O
O
Ni(COD)2 (10 mol %)
PCy3 (20 mol %)
CsF (3 equiv)
PhMe, 120 ºC, 15 h
+
OMe B
O
O
B
O
O
B
O
O
(2 equiv)
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
 
4,4,5,5-Tetramethyl-2-(naphthalen-1-ylmethyl)-1,3,2-dioxaborolane	 (3m).	 Following	 the	 general	
procedure	B	using	1m	(86.1	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	silica	gel	
(Hex:EtOAc	10:1)	afforded	3m	as	a	colorless	oil	 in	62%	yield	(83.1	mg).	Rf	0.37	(Hex:EtOAc	10:1).	 1H	
NMR	(400	MHz,	CDCl3):	δ	8.03-8.00	(m,	1H),	7.84-7.81	(m,	1H),	7.68-7.65	(m,	1H),	7.51-7.43	(m,	2H),	
7.40-7.33	(m,	2H),	2.69	(s,	2H),	1.20	(s,	12H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	135.8,	133.9,	132.6,	
128.6,	126.6,	125.9,	125.5,	125.5,	124.7,	83.7,	24.8	ppm	(carbon	atom	bonded	to	the	boron	atom	and	
one	aromatic	carbon	were	not	observed).	Spectroscopic	data	for	3m	match	those	previously	reported	
in	the	literature.158	
	
4,4,5,5-Tetramethyl-2-(1-(naphthalen-2-yl)ethyl)-1,3,2-dioxaborolane	 (3n).	 Following	 the	 general	
procedure	B	using	1n	(93.1	mg,	0.50	mmol)	afforded	3n	as	a	white	solid	(81%	yield	was	determined	by	
GC	using	decane	as	an	 internal	 standard	because	complete	purification	by	column	chromatography	
on	 silica	gel	was	not	achieved).	Rf	 0.53	 (Hex:EtOAc	9:1).	Mp	69-70	 oC.	 1H	NMR	 (500	MHz,	CDCl3):	δ	
7.87-7.71	(m,	3H),	7.66	(d,	J	=	1.5	Hz,	1H),	7.49-7.36	(m,	3H),	2.63	(q,	J	=	7.5	Hz,	1H),	1.44	(d,	J	=	7.5	Hz,	
3H),	1.22	 (d,	 J	 =	7.8	Hz,	12H)	ppm.	 13C	NMR	 (126	MHz,	CDCl3):	δ	142.7,	134.0,	131.9,	127.8,	127.7,	
127.6,	127.4,	125.8,	125.4,	124.9,	83.5,	24.8,	24.8,	17.0	ppm	(carbon	atom	bonded	to	the	boron	atom	
could	 not	 be	 observed).	 Spectroscopic	 data	 for	 3n	 match	 those	 previously	 reported	 in	 the	
literature.159	
	
2-([1,1'-Biphenyl]-4-ylmethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane	 (5f).	 Following	 the	 general	
procedure	B	(using	1.00	mmol	CsF	and	1.0	mL	toluene)	using	4f	(99.1	mg,	0.50	mmol)	and	purification	
by	column	chromatography	on	silica	gel	 (Hex:EtOAc	10:1)	afforded	5f	as	a	colorless	oil	 in	57%	yield	
(83.8	mg).	Rf	0.26	(Hex:EtOAc	30:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.62-7.59	(m,	2H),	7.52-7.49	(m,	2H),	
7.46-7.42	(m,	2H),	7.35-7.31	(m,	1H),	7.29-7.27	(m,	2H),	2.36	(s,	2H),	1.28	(s,	12H)	ppm.	13C	NMR	(126	
MHz,	CDCl3):	δ	141.4,	138.0,	137.9,	129.5,	128.8,	127.2,	127.1,	127.0,	83.6,	24.9	ppm	(carbon	atom	
                                                
158	Atack,	T.	C.;	Lecker,	R.	M.;	Cook,	S.	P.	J.	Am.	Chem.	Soc.	2014,	136,	9521.	
159	Noh,	D.;	Chea,	H.;	Ju,	J.;	Yun,	J.	Angew.	Chem.	Int.	Ed.	2009,	48,	6062.	
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bonded	to	the	boron	atom	could	not	be	observed).	Spectroscopic	data	for	5f	match	those	previously	
reported	in	the	literature.160	
	
	
2-([1,1'-Biphenyl]-2-ylmethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane	 (5g).	 Following	 the	 general	
procedure	 B	 (using	 1.00	 mmol	 CsF)	 using	 4g	 (99.1	 mg,	 0.50	 mmol)	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Hex:EtOAc	10:1)	afforded	5g	as	a	colorless	oil	in	50%	yield	(73.5	mg).	Rf	
0.38	 (Hex:EtOAc	30:1).	 1H	NMR	(400	MHz,	CDCl3):	δ	7.44-7.33	 (m,	5H),	7.32-7.25	 (m,	2H),	7.24-7.21	
(m,	2H),	2.31	 (s,	2H),	1.17	 (s,	12H).	 13C	NMR	 (101	MHz,	CDCl3):	δ	142.4,	141.8,	136.7,	130.3,	130.1,	
129.6,	128.1,	127.4,	126.8,	125.2,	83.4,	24.9	 (carbon	atom	bonded	to	 the	boron	atom	could	not	be	
observed).	Spectroscopic	data	for	5g	match	those	previously	reported	in	the	literature.161	
	
3.4.6.	Orthogonal	Ni-catalyzed	C(sp2)-	and	C(sp3)-OMe	Borylation	
	
	
2-((6-Methoxynaphthalen-2-yl)methyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane	 (7a)	 Following	 the	
general	procedure	B	using	6a	(101.1	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	
silica	gel	(Hex:EtOAc	5:1)	afforded	7a	as	a	white	solid	in	65%	yield	(96.9	mg).	Rf	0.55	(Hex:EtOAc	5:1).	
Mp	72-74	ºC.	1H	NMR	(400	MHz,	CDCl3):	δ	7.67-7.61	(m,	2H),	7.55	(s,	1H),	7.31	(dd,	J	=	8.5,	1.8	Hz,	1H),	
7.13-7.08	(m,	2H),	3.90	(s,	3H),	2.42	(s,	2H),	1.24	(s,	12H)	ppm.	 13C	NMR	(101	MHz,	CDCl3):	δ	157.0,	
134.0,	 132.5,	 129.5,	 128.9,	 128.8,	 126.7,	 126.7,	 118.5,	 105.8,	 83.6,	 55.4,	 24.9	 ppm	 (carbon	 atom	
bonded	 to	 the	 boron	 atom	 could	 not	 be	 observed).	 IR	 (neat,	 cm-1):	 1602,	 1369,	 1323,	 1261,	 1222,	
1137,	1030,	858,	714,	474.	HRMS	(ESI)	[C18H23BNaO3]	(M+Na)	calcd.	321.1636,	found	321.1660.	
	
	
2-((1-Methoxynaphthalen-2-yl)methyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane	 (7b).	 Following	 the	
general	procedure	B	using	6b	(101.1	mg,	0.50	mmol)	and	purification	by	column	chromatography	on	
silica	gel	(Hex:EtOAc	5:1)	afforded	7b	as	a	white	solid	in	74%	yield	(110.3	mg).	Rf	0.61	(Hex:EtOAc	5:1).	
Mp	58-60	ºC.	1H	NMR	(400	MHz,	CDCl3):	δ	8.06	(d,	J	=	8.4	Hz,	1H),	7.79	(d,	J	=	8.2	Hz,	1H),	7.53	(d,	J	=	
                                                
160	Li,	H.;	Wang,	L.;	Zhang,	Y.;	Wang,	J.	Angew.	Chem.	Int.	Ed.	2012,	51,	2943.	
161	Endo,	K.;	Ohkubo,	T.;	Shibata,	T.	Org.	Lett.	2011,	13,	3368.	
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8.4	Hz,	1H),	7.47	(ddd,	J	=	8.3,	6.8,	1.4	Hz,	1H),	7.40	(ddd,	J	=	8.1,	6.9,	1.3	Hz,	1H),	7.33	(d,	J	=	8.4	Hz,	
1H),	3.91	 (s,	3H),	2.44	 (s,	2H),	1.25	 (s,	12H)	ppm.	 13C	NMR	(101	MHz,	CDCl3):	δ	153.0,	133.5,	129.6,	
128.3,	 128.0,	 127.8,	 125.8,	 125.0,	 123.9,	 121.9,	 83.6,	 61.3,	 24.9	 ppm	 (carbon	 atom	 bonded	 to	 the	
boron	atom	could	not	be	observed).	IR	(neat,	cm-1):	1368,	1322,	1141,	1074,	988,	967,	846,	818,	756.	
HRMS	(ESI)	[C18H23BNaO3]	(M+Na)	calcd.	321.1636,	found	321.1635.	
	
General	 procedure	 C	 for	 the	 one-pot	 C(sp2)-OMe	 bond	 borylation/iodination	 (2-Iodo-6-
(methoxymethyl)naphthalene	8a	is	used	as	an	example).	An	oven-dried	5	mL	screw-capped	test	tube	
containing	a	stirring	bar	was	charged	with	6a	 (101.1	mg,	0.50	mmol),	2a	 (225.9	mg,	1.0	mmol)	and	
HCO2Na	 (102.0	 mg,	 1.5	 mmol).	 The	 test	 tube	 was	 introduced	 in	 an	 argon-filled	 glovebox	 where	
Ni(COD)2	 (13.8	mg,	 10.0	mol%),	 PCy3	 (28.0	mg,	 20.0	mol%)	 and	 toluene	 (2.0	mL)	were	 then	 added	
sequentially.	The	tube	with	the	mixture	was	taken	out	of	the	glovebox	and	stirred	at	120	ºC	for	15	h.	
The	mixture	was	then	allowed	to	warm	to	room	temperature	and	diluted	with	EtOAc	(5	mL).	Then	a	
saturated	 aqueous	 solution	 of	 NH4Cl	 (5	 mL)	 was	 added	 to	 the	 reaction	 and	 it	 was	 extracted	 with	
EtOAc	 (3	 x	 5	 mL).	 The	 combined	 organic	 phases	 were	 concentrated	 under	 reduced	 pressure.	 The	
residue	 was	 dissolved	 in	 4	 mL	 of	 a	 THF/H2O	 mixture	 (1:1),	 and	 NaI	 (224.8	 mg,	 1.5	 mmol)	 and	
chloramine	 T·3H2O	 (422.5	 mg,	 1.5	 mmol)	 were	 subsequently	 added.	 After	 1	 h	 stirring	 at	 room	
temperature	 a	 drop	 of	 a	 10%	 aqueous	 solution	 of	Na2S2O4	was	 added	 to	 decompose	 the	 excess	 of	
iodine.	Then	the	reaction	was	diluted	with	Et2O	(5	mL)	and	H2O	(5	mL),	and	the	aqueous	phase	was	
extracted	with	Et2O	 (3	x	5	mL).	The	organic	phases	were	concentrated	under	 reduced	pressure	and	
the	crude	product	was	purified	by	column	chromatography	on	silica	gel	(Hex:EtOAc	150:1)	to	yield	the	
title	product	8a	as	 a	white	 solid	 in	 59%	yield	 (87.9	mg).	 Rf	 0.27	 (Hex:EtOAc	50:1).	Mp	89-91	 ºC.	 1H	
NMR	(300	MHz,	CDCl3):	δ	8.22	(s,	1H),	7.77-7.68	(m,	3H),	7.55	(d,	J	=	8.7	Hz,	1H),	7.46	(dd,	J	=	8.5,	1.6	
Hz,	1H),	4.60	(s,	2H),	3.44	(s,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	136.7,	136.6,	134.8,	134.7,	132.1,	
129.6,	127.2,	126.6,	126.4,	91.6,	74.7,	58.4	ppm.	IR	(neat,	cm-1):	1578,	1455,	1190,	1129,	1099,	881,	
819,	643,	479.	HRMS	(ESI)	[C12H11INaO]	(M+Na)	calcd.	320.9747,	found	320.9747.	
	
	
1-Iodo-2-(methoxymethyl)naphthalene	 (8b).	 Following	 the	 general	 procedure	 C	 (using	 0.15	 mmol	
HCO2Na	 at	 95	 ºC)	 using	6b	 (101.1	mg,	 0.50	mmol)	 and	 purification	 by	 column	 chromatography	 on	
silica	gel	(Hex:EtOAc	100:1)	afforded	8b	as	a	yellow	oil	in	68%	yield	(101.4	mg).	Rf	0.23	(cyclohexane).	
1H	NMR	(400	MHz,	CDCl3):	δ	8.26	(d,	J	=	8.6	Hz,	1H),	7.83	(d,	J	=	8.4	Hz,	1H),	7.78	(d,	J	=	8.1	Hz,	1H),	
7.58	(d,	J	=	8.4	Hz,	1H),	7.58	(ddd,	J	=	8.5,	6.9,	1.4	Hz,	1H),	7.51	(ddd,	J	=	8.0,	6.9,	1.2	Hz,	1H),	4.75	(s,	
2H),	3.53	(s,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	140.0,	134.8,	133.8,	132.4,	128.9,	128.4,	127.8,	
OMe
I
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126.6,	126.0,	103.3,	80.0,	58.8	ppm.	 IR	 (neat,	 cm-1):	1550,	1499,	1318,	1255,	1192,	1095,	954,	860,	
810,	739,	645,	520,	409.	HRMS	(ESI)	[C12H11INaO]	(M+Na)	calcd.	320.9747,	found	320.9752.	
3.4.7.	Mechanistic	Studies	
	
Confirmation	of	direct	C-O	borylation	pathway	
	
Tert-butyl	 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-5-methylbenzoate	 (5c).	 Following	 the	 general	
procedure	 A	 (using	 1.0	 mmol	 HCO2Na	 and	 1.0	 mL	 toluene)	 using	 4c	 (111.1	 mg,	 0.50	 mmol)	 and	
purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	9:1)	afforded	5c	as	a	colorless	oil	 in	
8%	NMR	yield	(impurified	with	a	C(sp2)-H	borylated	xx	and	B2nep2).	1H	NMR	(400	MHz,	CDCl3):	δ	7.61	
(dt,	J	=	1.6,	0.7	Hz,	1H),	7.39	(d,	 J	=	7.5	Hz,	1H),	7.32	(m,	1H),	3.89	(s,	3H),	3.76	(s,	4H),	1.09	(s,	6H)	
ppm.	HRMS	(ESI)	[C17H25BNaO4]	(M+Na)	calcd.	327.1744,	found	327.1739.	
 
Tert-butyl	 5-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate	 (5c).	 Following	 the	
general	procedure	A	 (using	1.0	mmol	HCO2Na	and	1.0	mL	 toluene)	using	4c	 (111.1	mg,	0.50	mmol)	
and	purification	by	column	chromatography	on	silica	gel	(Hex:EtOAc	9:1)	afforded	5c	as	a	white	solid	
in	11%	NMR	yield	(17.6	mg).	1H	NMR	(400	MHz,	CDCl3):	δ	7.61	(dt,	J	=	1.5,	0.7	Hz,	1H),	7.39	(d,	J	=	7.4	
Hz,	1H),	7.29	(ddd,	J	=	7.5,	1.7,	0.8	Hz,	1H),	1.42	(s,	12H)	ppm.	HRMS	(ESI)	[C18H27BNaO4]	(M+Na)	calcd.	
341.1900,	found	327.1900.	
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	Monitoriazation	of	model	reaction	via	31P{1H}	NMR	spectroscopy	
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3.4.8.	NMR	spectra	
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Chapter	4.	Mild	Ligand-free	Ni-catalyzed	Ipso-Silylation	of	Aryl	and	Benzyl	Methyl	
Ethers	via	C(sp2)–	and	C(sp3)–O	Cleavage	
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4.1.	Frontiers	in	Cross-Coupling	Reactions	using	Aryl	Methyl	Ethers	
	
In	 the	 last	decade,	C–O	electrophiles	have	become	 into	 robust	 alternatives	 to	organohalides	as	
coupling	partners	in	the	cross-coupling	field.1	The	increased	interest	on	these	kind	of	electrophiles	
lays	on	their	low-cost,	readily	availability	and	benign	character.	Unlike	C–O	electrophiles	relatively	
prompted	to	undergo	oxidative	addition	such	as	aryl	sulfonates	and,	 in	 lesser	extense,	esters	and	
carbamates,	the	coupling	of	simpler	aryl	methyl	ethers	have	received	considerably	less	attention.2	
This	may	 be	 reasoned	 by	 the	 remarkably	 high	 activation	 barrier	 required	 for	 cleaving	 Caryl–OMe	
bonds,	and	the	minimal	tendency	of	methoxy	moeities	to	act	as	leaving	groups.	In	point	of	fact,	in	
the	vast	majority	of	cross-coupling	 reactions,	no	matter	 the	nature	of	 the	electrophile,	Caryl–OMe	
are	perfectly	tolerated	the	presence	of	aryl	methyl	ethers.3		
	
	
Scheme	4.1.	Cross-coupling	reactions	via	C–OMe	bond	cleavage.		
	
Current	 catalytic	 cross-coupling	 reactions	 of	 aryl	 methyl	 ethers,	 the	 simplest	 and	 most	 atom-
economical	 derivatives	 in	 the	 phenol	 series,	 remain	 virtually	 confined	 to	 the	 formation	 of	 C–C	
bonds	mainly	 based	 on	 stoichiometric,	 highly	 reactive,	 and	 air-sensitive	 organometallic	 reagents	
(Scheme	4.1,	path	a).2	However,	despite	of	the	central	relevance	of	C–heteroatom	bonds	in	organic	
synthesis,4	C(sp2)–heteroatom	 bond-forging	 events	 have	 rarely	 been	 applied	 with	 aryl	 methyl	
ethers	as	coupling	partners.	Hitherto,	there	are	exclusively	two	examples	in	chasing	this	challenge.	
One	 of	 them	 is	 the	 seminal	 work	 of	 Tobisu	 and	 Chatani	 on	 the	 amination	 of	 aromatic	 methyl	
																																																								
1	For	selected	reviews	on	C–O	cleavage:	(a)	Rosen,	B.	M.;	Quasdorf,	K.	W.;	Wilson,	D.	A.;	Zhang,	N.;	Resmerita,	A.-M.;	
Garg,	N.	K.;	Percec	V.	Chem.	Rev.	2011,	111,	1346.	(b)	Su,	B.;	Cao,	Z.	–C.;	Shi,	Z.	–J.	Acc.	Chem.	Res.	2015,	48,	886.	(c)	
Yamaguchi,	J.;	Muto,	K.;	Itami,	K.	Eur.	J.	Org.	Chem.	2013,	19.	(d)	Tollefson,	E.	J.;	Hanna,	L.	E.;	Jarvo,	E.	R.	Acc.	Chem.	
Res.	2015,	48,	2344.	 (e)	Tobisu,	M.;	Chatani,	N.	Top.	Curr.	Chem.	2016,	41,	374.	 (f)	Zarate,	C.;	van	Gemmeren,	M.;	
Somerville,	 R.	 J.;	 Martin,	 R.	 Phenol	 Derivatives:	 Modern	 Electrophiles	 in	 Cross-Coupling.	 In	 Advances	 in	
Organometallic	Chemistry.	Pérez,	P.	J.	Ed.;	Elsevier:	Cambridge,	MA,	United	States,	2016;	Vol.	66,	pp.	143.	
2	For	 recent	reviews	on	C–OMe	cleavage:	 (a)	Cornella,	 J.;	Zarate,	C.;	Martin,	R.	Chem.	Soc.	Rev.	2014,	43,	8081.	 (b)	
Tobisu,	M.;	Chatani,	N.	Acc.	Chem.	Res.	2015,	48,	1717.	
3	(a)	 Miyaura,	 N.	 Cross-coupling	 reactions.	 A	 practical	 guide.	 Berlin:	 Springer-Verlag;	 2002.	 (b)	 de	 Mejeire,	 A.;	
Diedrich,	 F.	Metal-catalyzed	 cross-coupling	 reactions.	 2nd	 ed.	 Weinheim,	 Germany:	Wiley-VCH;	 2004.	 (c)	 Tsuji,	 J.	
Palladium	reagents	and	catalysts:	New	perspectives	for	the	21st	century.	2nd	ed.	New	York,	NY:Wiley-VCH;	2004.	(d)	
Nicolaou,	K.	C.;	Bulger,	P.	H.;	Sarlah,	D.	Angew.	Chem.	Int.	Ed.	2005,	44,	4442.	
4	For	 comprehensive	 reviews	 on	 C–heteroatom	 bond-forming	 reactions:	 (a)	 Catalyzed	 Carbon-Heteroatom	 Bond-
Formation;	Yudin,	A.	K.,	Ed.;	Wiley-VCH:	Weinheim,	2010.	 (b)	Hartwig,	 J.	 F.	Nature	2008,	455,	314.	 (c)	Surry,	D.	S.;	
Buchwald,	S.	L.	Chem.	Sci.	2011,	2,	27.	(d)	Zhu,	X.;	Chiba,	S.	Chem.	Soc.	Rev.	2016,	45,	4504.	
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ethers.5	This	 C(sp2)–N	 bond	 formation	 requires	 high	 temperatures,	 strongly	 s–donor	 and	 bulky	
ligands	(IPr),	and	polyaromatic	or	heteroaryl	systems	in	order	to	get	efficient	yields	(path	b).	Simple	
anisole	 derivatives,	 however,	 needed	 to	 be	 activated	with	 an	 electro-withdrawing	 group	 at	para	
position	 to	 the	 methoxy	 residue.	 The	 other	 existing	 methodology	 on	 the	 formation	 of	 C(sp2)–
heteroatom	bonds	via	C(sp2)–OMe	bond	cleavage	is	the	Ni-catalyzed	borylation	of	aryl	and	benzyl	
methyl	 ethers	 reported	 by	 us	 (Chapter	 3	 of	 this	 dissertation).	 This	 transformations	 invariably	
required	 harsh	 conditions	 (95	 –	 120	 ºC)	 and	 sterically	 demanding	 ligands	 (PCy3)	 (path	 c).6	
Additionally,	p-extended	backbones	are	needed	unless	appropriate	activating	groups	are	located	at	
ortho	position	to	the	targeted	C–OMe	bond.		
	
	
Scheme	4.2.	Ligandless	Ni-catalyzed	cross-coupling	of	unbiased	anisoles	with	alkyllithium	reagents.	
	
Prompted	 by	 the	 perception	 that	 Ni-catalyzed	 C(sp2)–OMe	 bond	 cleavage	 might	 occur	 via	
nuleophilic	 attack	 of	 nickelate	 complexes	 rather	 than	 through	 oxidative	 addition	 pathways,7	we	
consider	 that	 the	 generation	 of	 highly	 nucleophilic	 [Ni-heteroatom]-	 species	 may	 allow	 for	 the	
design	 of	 coupling	 strategies	 without	 requiring	 the	 employment	 of	 added	 dative,	 yet	 expensive,	
ligands,	harsh	conditions	and/or	or	stoichiometric	organometallic	reagents.	Likewise,	Rueping	and	
co-workers	recently	reported	a	Murahashi-type	coupling	of	aryl	methyl	ethers	that	employs	ligand-
free	conditions.8	This	transformation	still,	however,	 lays	on	the	employment	of	highly	nucleophilic	
alkyllithium	species	and	when	it	comes	to	the	coupling	of	unbiased	anisole	high	temperatures	(80	
ºC)	 were	 required.	 The	 authors,	 followed	 the	 general	 tendency,	 proposed	 a	 “classical”	 oxidative	
addition	 of	 Ni(0)	 to	 C(sp2)–OMe	 bond	 (Schem	 4.2,	 XLIII).	 However,	 we	 question	 the	 viability	 of	
oxidative	addition	of	such	strong	bonds	in	the	absence	of	supporting	ligands	or	any	other	additive	
that	may	assist	this	process,9	specially	in	the	case	of	unbiased	anisoles.	Alternatively,	we	proposed	
that	 [Ni(0)alkyl]-ate	complexes	may	be	 responsible	of	 such	 intriguing	 reactivity.	This	conclusion	 is	
somewhat	 reminiscent	of	 the	structurally	well-defined	 [Ni(0)	Me]	ate-complex	 (183)	described	by	
Pörschke	and	synthesized	by	reaction	of	Ni(COD)2	with	MeLi	in	ethylene	atmosphere.10,11	
	
																																																								
5	(a)	Tobisu,	M.;	 Shimasaki,	 T.;	Chatani,	N.	Chem.	 Lett.	2009,	38,	 710.	 (b)	Tobisu,	M.;	Yasutome,	A.;	 Yamakawa,	A.;	
Yamakawa,	K.;	Shimasaki,	T.;	Chatani,	N.	Tetrahedron	2012,	68,	5157.	
6	Zarate,	C.;	Manzano,	R.;	Martin,	R.	J.	Am.	Chem.	Soc.	2015,	137,	6754. 
7	(a)	Cornella,	J.;	Martin,	R.	Org.	Lett.	2013,	15,	6298.	(b)	Ogawa,	H.;	Minami,	H.;	Ozaki,	T.;	Komagawa,	S.;	Wang,	C.;	
Uchiyama,	M.	Chem.	Eur.	J.	2015,	21,	13904.	(c)	Tobisu,	M.;	Takahira,	T.;	Morioka,	T.;	Chatani,	N.	J.	Am.	Chem.	Soc.	
2016,	138,	6711.		
8	Leinendecker,	M.;	Hsiao,	C.-C.;	Guo,	L.;	Alandini,	N.;	Rueping,	M.	Angew.	Chem.	Int.	Ed.	2014,	53,	12912.		
9	For	recently	reported	Lewis	acid-assisted	C(sp2)–OMe	cleavage:	(a)	Morioka,	T.;	Nishizawa,	A.;	Nakamura,	K.;	Tobisu,	
M.;	Chatani,	N.	Chem.	Lett.	2015,	44,	1729.	(c)	Liu,	X.;	Hsiao,	C.-C.;	Kalvet,	I.;	Leiendecker,	M.;	Guo,	L.;	Schoenebeck,	
F.;	Rueping,	M.	Angew.	Chem.	 Int.	 Ed.	2016,	55,	 6093.	 (d)	Tobisu,	M.;	Takahira,	 T.;	Morioka,	T.;	Chatani,	N.	 J.	Am.	
Chem.	Soc.	2016,	138,	6711.	(f)	Kelley,	P.;	Edouard,	G.	A.;	Lin,	S.;	Agapie,	T.	Chem.	Eur.	J.	2016,	22,	17173.	
9	Boron-assited	strategies	have	been	used	in	the	hydogenolysis	of	arenols:	 (a)	Shi,	W.-J.;	Li,	X.-L.;	Li,	Z.-W.;	Shi,	Z.-J.	
Org.	Chem.	Front.	2016,	3,	375;	and	in	the	Suzuki-Miyaura	coupling	and	borylation	of	benzyl	alcohols:	(b)	Cao,	Z.-C.;	
Yu,	D.-G.;	Zhu,	R.-Y.;	Wei,	J.-B.;	Shi,	Z.-J.	Chem.	Commun.	2015,	51,	2683.	(c)	Cao,	Z.-C.;	Luo,	F.-X.;	Shi,	W.-J.;	Shi,	Z.-S.	
Org.	Chem.	Front.	2015,	2,	1505.	
10	Jonas,	K.;	Pörschke,	K.	R.;	Krüger,	C.;	Tsay,	Y.-H.	Angew.	Chem.,	Int.	Ed.	1976,	15,	621.		
11	For	other	Ni(0)-ate	complexes	obtained	by	exposure	to	RLi	reagents:	(a)	Kaschube,	W.;	Po ̈rschke,	K.-R.;	Angermund,	
K.;	Kru ̈ger,	C.;	Wilke,	G.	Chem.	Ber.	1988,	121,	1921.	(b)	Wei,	J.;	Zhang,	W.-X.;	Xi,	Z.	Angew.	Chem.,	Int.	Ed.	2015,	54,	
5999.		
OMe
R
Ni(COD)2 (2.5 - 10 mol%)
PhMe, 80 °C
RLi SiMe3+
SiMe3
65 60 - 100%
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
	Scheme	4.3.	Pausible	C(sp2)–OMe	bond	activation	pathways.		
	
Based	 on	 this	 reasoning,	 we	 envisioned	 that	 Ni(COD)2	 in	 the	 presence	 of	 highly	 nucleophilic	
heteroaryl	 nucleophiles	 could	 also	 generate	 nickelate	 complexes	 that	might	 be	 able	 to	 catalyzed	
the	formation	of	C(sp2)–heteroatoms	bonds,	such	as	C–Si	bonds,	using	unbiased	anisole	derivatives	
under	mild	and	ligandless	conditions.	On	basis	of	the	knowledge	acquired	during	the	development	
of	the	chemistry	reported	in	Chapter	12,	we	particularly	envisioned	that	a	straightforward	strategy	
towards	 the	 in	 situ	 formation	 of	 [Ni(0)Sialkyl3]-	 (XLIV)	 complexes	 would	 be	 via	 nucleophilic	
activation	of	Si–B	bonds.	
	
4.2.	Aryl	Methyl	Ethers	in	Silylation	Protocols	
	
Aryl	methyl	ethers	have	exclusivelly	been	employed	as	regiocontrol	elements	in	order	to	promote	
C-Si	bond	 forming	reactions.	Based	on	the	electronic	properties	of	 the	methoxyarene	ring,	ortho-
silylated	products	could	be	within	reach	via	classical	a	ortho-metalation/silylation	protocol	(Scheme	
4.4,	path	a).12	Furthermore,	electrophilic	aromatic	halogenation	of	 the	anisole	derivative	 followed	
by	C-halogen	bond	silylation13	has	been	proof	as	platform	for	forging	C–Si	bonds	at	ortho-	or	para-
position	(Scheme	4.4,	path	b).14,15	
	
	
Scheme	4.4.	Electronic	control	in	classical	silylation	of	aryl	methyl	ethers.	
	
The	vast	majority	of	 catalytic	C–H	silylation	 reactions	 relies	on	 the	use	of	 late	 transition	metals	
such	as	 Ir,	Rh,	Ru,	Pt,	and	Ni,16	whose	weak	 interaction	with	ether	moieties	difficults	 their	use	as	
directing	groups.	 Instead,	methoxy	groups	have	been	employed	as	simple	steric	control	elements	
that	promote	the	silylation	at	the	less	sterically	hindered	C–H	bond	(Scheme	4.5,	path	a).																																																										
12	(a)	Snieckus,	V.	Chem.	Rev.	1990,	90,	879.	(b)	Hartung,	C.	G.;	Snieckus,	V.	 In	Modern	Arene	Chemistry;	Astruc,	D.,	
Ed.;	Wiley-VCH:	Weinheim,	Germany,	2002;	pp	330-367.	
13	(a)	Weber,	W.	P.	Silicon	Reagents	for	Organic	Synthesis;	Springer:	Heidelberg,	1983.	(b)	The	Chemistry	of	Organic	
Silicon	 Compounds;	 Patai,	 S.;	 Rappoport,	 Z.,	 Eds.;	Wiley	 &	 Sons:	 New	 York,	 2000.	 (c)	Organic	 Silicon	 Compounds;	
Ullmann’s	Encyclopedia	of	Industrial	Chemistry;	Röshe,	L.;	John,	P.;	Reitmeier,	R.;	Wiley-VCH:	Weinheim,	2003.	
14	Taylor,	R.	Electrophilic	Aromatic	Substitutions;	Wiley-VCH:	Weinheim,	Germany,	1990.	
15	As	far	as	we	are	concerned,	a	sila-Friedel-Crafts	transformation	of	aryl	methyl	ethers	has	not	been	reported,	being	
all	 the	 recent	 reports	 based	 on	 activated	 indole	 or	 aniline-type	 substrates.	 For	 complete	 review	 on	 electrophilic	
aromatic	silylation:	Bähr,	S.;	Oestreich,	M.	Angew.	Chem.	Int.	Ed.	2016.	DOI:	10.1002/anie.201608470.		
16	Cheng,	C.;	Hartwig,	J.	F.	Chem.	Rev.	2015,	115,	8946.	
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Scheme	4.5.	Steric	control	in	transition	metal-catalyzed	C–H	silylation	of	aryl	methyl	ethers.		
	
On	 the	 other	 hand,	 stoichiometric	 experiments	 have	 shown	 that	 methoxy	 moiety	 could	 be	
employed	as	ortho-directing	group	when	catalysts	based	on	early	transitions	metals	(Sc,	Y,	and	Lu)	
are	employed.17	This	can	be	explained	considering	the	high	oxophilicity	of	rare	earth	metals.	Based	
on	that,	Hou	and	co-workers	reported	a	method	for	the	ortho-silylation	of	aryl	methyl	ethers	using	
a	half-sandwich	scandium	complex	(Scheme	4.6,	path	b).18	Although	no	doubt	a	breakthrough	step-
forward	for	C–H	bond	silylation	methodologies,	the	tedious	synthesis	of	the	Sc-based	complex	and	
the	 need	 for	 a	 big	 excess	 of	 methoxyarenes	 and	 high	 temperatures	 (120	 ºC)	 limited	 limit	 the	
applicability	 of	 this	 strategy.	 Preliminar	 mechanistic	 studies	 suggested	 Sc-hydride	 species	 as	 the	
catalyst	resting	state	and	coordination	of	anisole	to	the	metal	center	as	the	rate-determining	step.	
	
	
Scheme	4.6.	Methoxy-directed	Sc-catalyzed	silylation	of	arenes.	
	
Following	 the	 discoveries	 during	 the	 transition	 metal-free	 reductive	 cleavage	 of	 aryl	 ethers,19	
Grubbs	and	co-workers	observed	an	oxygen-directed	silylation	to	the	ortho-position	when	catalytic	
amounts	 of	 KOtBu	 were	 used,	 although	 in	 low	 yields	 (Scheme	 4.xx.).20	However,	 any	 rational	
mechanistic	could	be	proposed	due	to	the	inconsistency	of	preliminary	mechanistic	studies.		
	
Scheme	4.7.	Methoxy-directed	KOtBu-catalyzed	silylation	of	arenes.		
	 	
																																																								
17	(a)	Booij,	M.;	Meetsma,	A.;	Teuben,	J.	H.	Organometallics	1991,	10,	3246.	(b)	Booij,	M.;	Deelman,	B.-J.;	Duchateau,	
R.;	Postma,	D.	S.;	Meetsma,	A.;	Teuben,	J.	H.	Organometallics	1993,	12,	3531.	(c)	Spaniol,	T.	P.;	Okuda,	J.;	Kitamura,	T.	
Takahashi,	M.	J.	Organomet.	Chem.	2003,	684,	194.	
18	Oyamada,	J.;	Nishiura,	M.;	Hou,	Z.	Angew.	Chem.,	Int.	Ed.	2011,	50,	10720.	
19 Fedorov,	A.;	Toutov,	A.	A.;	Swisher,	N.	A.;	Grubbs,	R.	H.	Chem.	Sci.	2013,	4,	1640. 
20 Toutov,	A.	A.;	Liu,	W.-B.;	Betz,	K.	N.;	Fedorov,	A.;	Stoltz,	B.	M.;	Grubbs,	R.	H.	Nature	2015,	518,	80. 
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4.3.	Ligand-Free	Ni-Catalyzed	Silylation	of	Aryl	and	Benzyl	Methyl	Ethers	
	
As	part	of	our	interest	in	catalytic	C–O	functionalization,	we	envisioned	the	development	of	novel	
ipso-silylation	 of	 aryl	 methyl	 ethers	 based	 on	 the	 unique	 reactivity	 of	 Ni-ate	 complexes.	 This	
transformation	would	serve	as	an	orthogonal	alternative	 to	 the	existeng	ortho-,	para-	or	 remote-
silylation	reactions	of	anisoles	derivatives.	As	a	tool	
	
4.3.1.	Optimization	of	the	Reaction	Conditions21,22,23	
	
For	 optimizing	 the	 reaction	 conditions,	 we	 decided	 to	 use	 2-methoxynaphthalene	 as	 model	
substrate	due	to	the	known	higher	reactivity	of	π–extended	systems	towards	C–O	bond	scission,1,2	
and	 Et3SiBpin	 (86)	 as	 silicon	 source	 regarding	 its	 ready	 synthesis	 in	 bulk	 quantitiesxx	 and	 its	
demonstrated	effectiveness	as	silylated	reagent	of	aryl	pivalates.24	We	initiated	the	optimization	of	
our	proposed	transformation	using	the	classical	catalytic	system	for	C–O	bond	activation:	Ni(COD)2	
as	precatalyst	and	PCy3	as	supporting		ligand	in	a	1:2	ratio	in	toluene	solvent.1,2	We	decided	to	start	
with	 elevated	 initial	 temperatures	 in	 order	 to	 overcome	 the	 high	 activation	 barrier	 necessary	 to	
cleave	the	C–O	bond	in	aryl	methyl	ethers.	It	was	envisioned	that	the	role	of	a	Lewis	base	would	be	
crucial	 in	the	silylation	of	such	challenging	bond.	As	shown	in	Table	4.1,	this	was	indeed	the	case,	
and	strong	bases	with	high	nucleophilicity	(tBuMgCl	or	LiNEt2)	or	modest	nucleophilicity	(NaOtBu	or	
KOtBu)	showed	the	best	reactivity	towards	the	formation	of	the	desired	product	87a	(entries	1-5).	
Other	 bases	with	 lower	 or	 higher	 nucleophilicity	 known	 to	 efficiently	 activate	 Si–B	 compounds25		
also	provided	87a	although	 in	 lower	yield	 (entries	6-10).	 Interestingly,	despite	 its	essential	 role	 in	
the	silylation	of	aryl	pivalates,24	CsF	afforded	the	silylated	product	in	negligible	amounts	probably	
due	 to	 different	 mechanistic	 scenarios	 operating	 in	 each	 transformation	 (entry	 11).	 Equally	
inefficiency	was	shown	with	KF	or	other	mild	bases	being	naphthalene	the	only	product	detected	in	
the	reaction	crude	(entries	13-16).	
	
	
Entry	 Base	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 -	 5	 0	 0	
2	 LiOtBu	 27	 0	 17	
3	 NaOtBu	 81	 43	 6	
4	 KOtBu	 87	 47	 23	
5a	 KOtBu	 100	 81	 6	
6	 LDA	 76	 9	 5	
7	 KHMDS	 35	 9	 0	
8	 LiNEt2	 44	 23	 0	
9	 tBuMgCl	 80	 39	 12																																																									
21	Representative	examples	of	the	screening	of	the	reaction	conditions	are	presented	in	Table	4.1.-4.9.	
22	Microscale	High-Throughput	Experimentation	Screening	has	been	carried	out	in	CELLEX-ICIQ	HTE	Laboratory	for	the	
identification	of	optimal	 reaction	conditions.	CELLEX	Foundation	and	Dr.	Xisco	Caldentey	are	deeply	acknowledged	
for	founding	and	managing,	respectively,	the	HTE	unit.	
23	Masaki	Nakajima	is	acknowledged	for	his	contributions	during	the	optimization	of	the	reaction	conditions.	
24 Zarate,	C.;	Martin,	R.	J.	Am.	Chem.	Soc.	2014,	136,	2236. 
25	(a)	 Ohmura,	 T.;	 Suginome,	M.	Bull.	 Chem.	 Soc.	 Jpn.	 2009,	 82,	 29.	 (b)	 Oestreich,	M.;	 Hartmann,	 E.;	Mewald,	M.	
Chem.	Rev.	2013,	113,	402. 
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10	 KOMe	 5	 0	 0	
11	 CsF	 18	 0	 10	
12	 KF	 13	 0	 5	
13	 K2CO3	 27	 0	 16	
14	 Cs2CO3	 24	 0	 17	
15	 K3PO4	 28	 0	 22	
16	 HCO2Na	 24	 0	 2	
	
1a	(40	μmol),	2a	(1.2	equiv.),	Ni(COD)2	(10	mol%),	PCy3	(20	mol%),	base	(2.25	equiv.),	PhMe	(160	
μL),	 120	 ºC,	 16	 h.	 HPLC	 conversion	 and	 yields	 were	 determined	 using	 biphenyl	 as	 internal	
standard.	a	2a	(2	equiv.),	KOtBu	(3	equiv.),	95	°C.	
	
Table	4.1.	Screening	of	bases.	
	
At	this	stage,	we	anticipated	that	key	of	this	transformation	could	be	the	rapid	formation	of	highly	
reactive	silyl	anions	capable	to	activate	rather	energetic	C–OMe	bonds.	This	would	explain	the	non-
innocence	of	the	counterion	since	it	determines	the	strength	of	the	Si	nucleophile:	LiSiEt3<	NaSiEt3<	
KSiEt3	 (entries	 1-3).	 However,	 milder	 nucleophiles,	 such	 as	 fluoride	 sources,	 may	 interact	 less	
efficiently	with	the	Si–B	bonds	resulting	in	the	corresponding	B(sp3)	adduct	rather,	which	might	not	
release	the	silyl	anion	so	readily.26	
	 	
																																																								
26	(a)	Mita,	 T.;	Chen,	 J.;	 Sugawara,	M.;	 Sato,	 Y.	Org.	 Lett.	2012,	14,	 6202.(b)	Kleeberg,	C.;	Borner,	C.	Eur.	 J.	 Inorg.	
Chem.	2013,	2799.	
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1a	 (40	 μmol),	 2a	 (2.0	 equiv.),	 Ni(COD)2	 (10	 mol%),	 ligand	 (20	 mol%	 monodentate	 L,	 10	 mol%	
bidentate	 L),	 KOtBu	 (3.0	 equiv.),	 PhMe	 (160	 μL),	 95	 ºC,	 16	 h.	 HPLC	 conversion	 and	 yields	 were	
determined	using	biphenyl	as	internal	standard.	a	2a	(1.3	equiv.),	KOtBu	(2.2	equiv.),	PhMe	(200	μL).	
	
Table	4.2.	Screening	of	ligands.	
	
Once	 established	 the	 optimal	 Si-B	 activator,	 we	 screened	 a	 wide	 range	 of	 electron-rich	
phosphines	and	NHC	carbenes	previously	employed	for	activating	highly	energetic	C-O	electrophiles	
(entries	 1-24,	 Table	 4.2.).	 Surprisingly,	 it	 was	 not	 observed	 a	 clear	 tendency	 among	 the	 ligands	
employed	 as	 all	 of	 them	provided	 considerable	 amounts	 of	 the	desired	 silylated	product.	 To	our	
delight,	the	best	results	were	obtained	when	no	exogenous	ligand	was	added	to	the	reaction	media	
Entry	 Ligand	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 PCy3	 100	 81	 6	
2	 PMe3	 77	 23	 0	
3	 PnBu3	 100	 45	 3	
4	 PtBu3	 100	 81	 0	
5	 PCp3	 100	 11	 0	
6	 PCy2Ph	 99	 87	 1	
7	 PCyPh2	 100	 96	 1	
8	 PPh3	 82	 69	 1	
9	 SPhos	 91	 83	 1	
10	 JohnPhos	 99	 82	 0	
11	 XPhos	 100	 85	 0	
12	 dppe	 99	 87	 1	
13	 dcype	 100	 60	 0	
14	 dcypm	 63	 41	 1	
15	 dppf	 87	 86	 0	
16	 dcpf	 68	 21	 14	
17	 XantPhos	 100	 87	 1	
18	 DPEPhos	 64	 53	 0	
19	 DCyEPhos	 91	 64	 6	
20	 IPr·HCl	 95	 63	 9	
21	 IMes·HCl	 99	 61	 13	
22	 SIMes·HCl	 85	 48	 10	
23	 IAd·HCl	 100	 44	 17	
24	 ICy·HCl	 100	 37	 18	
25	 No	Ligand	 100	 80	 8	
26a	 No	Ligand	 100	 93	 3	
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(entries	25	and	26).	The	ligandless	conditions	made	our	transformation	even	more	attractive	from	a	
practical	 and	 economical	 point	 of	 view	 compared	 to	 other	 coupling	 reactions	 of	 phenols	
derivatives,	which	are	generally	based	on	the	employment	of	supporting	ligands	mainly	expensive	
and	 sensitive	 PCy3,	 dcype	 or	 Icy·HCl.xPreviously	 reported	 transformation	 of	 unbiased	 aryl	methyl	
ethers	required	the	presence	of	a	supporting	ligand,	with	the	exception	of	Murahashi-type	coupling	
of	 anisoles	 with	 neosilyllithium	 reported	 by	 Rueping,	 which	 works	 under	 ligand-free	 conditions	
(Scheme	4.2).8	 The	mild	 conditions	 of	 this	 dealkoxylative	C(sp2)-C(sp3)	 (50-80	 ºC)	 prompted	us	 to	
investigate	 if	our	C-OMe	silylative	protocol	could	undergo	at	such	mild	temperatures	 (Table	4.3.).	
To	our	delight,	the	ligand-free	silylation	of	aryl	methyl	ethers	was	equally	effective	at	temperatures	
as	low	as	0	ºC	although	for	practical	issues	we	continue	the	optimization	of	the	reaction	conditions	
at	 room	 temperature.	 Noteworthy,	 the	 formation	 of	 reduced	 product	 xx	 was	 completely	
suppressed	 at	 temperatures	 below	 room	 temperature	 and,	 strikingly,	 after	 15	 minutes	 at	 room	
temperature	the	reaction	was	complete	(entry	2).	
	
	
Entry	 T	(ºC)	 Conv.	(%)	 3a	(%)	 3aa	(%)b	
1	 95	 100	 93	 3	
2a	 25	 100	 100	(86)b	 0	
3	 0	 100	 88	 0	
4	 -10	 20	 13	 0	
	
1a	(40	μmol),	2a	(1.3	equiv.),	Ni(COD)2	(10	mol%),	KOtBu	(2.2	equiv.),	PhMe	(200	μL),	temp.	(95	-	(-
10)	ºC),	16	h.	HPLC	conversion	and	yields	were	determined	using	biphenyl	as	internal	standard.	a	
15	min.	b	Isolated	yield.		
	
Table	4.3.	Screening	of	temperatures.	
	
Next,	we	investigate	the	influence	of	the	precatalyst	(Table	4.4.).	In	this	regard,	we	found	out	that	
cheaper	and	air	 stable	Ni	 (II)	precatalysts	provided	 silylated	product	although	 in	 significant	 lower	
yield	(entries	2-15).	Previous	reports	on	Ni-catalyzed	cross-coupling	reactions	of	anisole	derivatives	
proposed	 Ni(0)Ln	 or	 Ni(0)-ate	 species	as	 the	 active	 catalytic	 species;	 however,	 in	 any	 case,	 Ni(II)	
species	as	been	considered	as	such.	We	speculated	that	Ni(II)	precatalyst	is	in	situ	reduced	to	Ni(0)	
in	the	presence	of	silylborane	in	a	similar	fashion	as	proposed	with	B2pin227	although	we	could	not	
rule	 out	 a	 mechanism	 based	 on	 a	 the	 intermediacy	 of	 Ni(II)-ate	 complexes	 via	 a	 Ni(II)/Ni(IV)	
catalytic	 cycle.28	Altough	 tentatively,	 the	 erosion	 in	 yield	 observed	 when	 operating	 under	 Ni(II)	
regimes	could	be	due	to	several	reasons:	
	
§ Poor	solubility	of	Ni-halide	species.		
§ Difficult	reduction	of	Ni(II)	to	Ni(0)	in	the	reaction	media.		
§ Absence	 of	 COD	 that	may	 act	 as	 noninnocent	 ancillary	 ligand	 stabilizing	 the	 active	Ni(0)	
specie.	
§ Lower	efficiency	of	Ni(II)-ate	complexes	to	promote	the	activation	of	C-OMe	compared	to	
more	electron-rich	Ni(0)-ate	complexes.29		
In	 order	 to	 favor	 the	 reduction	 of	 the	Ni(II)	 precatalyst,	 Zn	was	 used	 as	 exogeneous	 reductant	
although	no	improvement	was	observed	(entry	15	and	16).	The	use	of	other	Ni(0)	species	such	as	
Ni(PPh3)4		afforded	much	lower	reactivity	than	Ni(COD)2,	probably	due	to	the	lower	stability	of	the																																																									
27 Zhang,	G.;	Xie,	Y.;	Wang,	Z.;	Liu,	Y.;	Huang,	H.	Chem.	Commun.	2015,	51,	1850.	
28	Hatakeyama,	t.	Hashimoto,	S.;	Ishizuka,	K.;	Nakamura,	M.	J.Am.	Chem.	Soc.	2009,	131,	11949.	
29	For	more	details	on	these	aspects	see	section:	4.3.4.	Mechanistic	studies	and	proposal.	
OMe
Ni(COD)2 (10 mol %)
SiEt3
KOtBu (2.2 equiv.)
PhMe (0.2 M)
+
H
temp., 16 h
Et3SiBpin+
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in	 situ	 formed	 Ni-ate	 complexes	 or	 the	 deleterious	 effect	 of	 PPh3	 (entry	 17).30,31	Co	 and	 Fe	
precatalyst,	which	 are	more	 attractive	 from	 an	 environmental	 and/or	 economical	 standpoints	 as	
compared	to	Ni	complexes,	were	not	efficient	in	our	tranformation	(entries	18-22). 
	
	
	
Entry	 [Ni]	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 Ni(COD)2	 100	 100	(86)a	 0	
2	 Ni(PPh3)2Cl2	 48	 25	 0	
3	 Ni(dppe)Cl2	 68	 52	 0	
4	 Ni(PMe3)2Cl2	 57	 35	 0	
5	 Ni(PCy3)2Cl2	 81	 59	 4	
6	 Ni(PCyPh2)2Cl2	 73	 53	 0	
7	 Ni(dppf)Cl2	 26	 6	 0	
8	 Ni(dppp)Cl2	 71	 57	 0	
9	 NiF2	 	 	 	
10	 NiCl2	 71	 57	 0	
11	 NiBr2	 19	 4	 0	
12	 NiI2	 82	 64	 0	
13	 Ni(acac)2	 57	 36	 4	
14	 NiCp2	 53	 33	 0	
15	 NiBr2·DME	 57	 35	 2	
16	 NiBr2·DME	 61	 37	 0	
17	 Ni(PPh3)4	 41	 18	 0	
18	 FeCl2	 30	 0	 0	
19	 FeBr2	 38	 0	 0	
20	 CoBr2	 41	 0	 0	
21	 Co(OAc)2	 25	 0	 0	
22	 FeCl2	 30	 0	 0	
	
1a	(40	μmol),	2a	(1.3	equiv.),	[Ni]	(10	mol%),	KOtBu	(2.2	equiv.),	PhMe	(200	μL),	25	ºC,	16	h.	HPLC	
conversion	and	yields	were	determined	using	biphenyl	as	 internal	standard.	a	 Isolated	yield.	b	Zn	
(40	μmol).	
	
Table	4.4.	Nickel	precatalyst	screening.	
	 	
																																																								
30	Entry	8	vs.	entry	25,	Table	4.xx.	
31	As	the	homogeneity	of	our	catalytic	system	was	proved	later,	PPh3	should	no	act	as	heterogeneous	catalyst	poison	
J.	A.	Widegren,	R.	G.	Finke,	J.	Mol.	Catal.	A:	Chem.	2003,	198,	317.	
OMe [Ni] (10 mol %) SiEt3KOtBu (2.2 equiv.)
PhMe (0.2 M) +
H
25 ºC, 16 h
Et3SiBpin+
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Foreseeing	 that	 the	 silylation	 of	 aryl	 methyl	 ethers	 could	 undergo	 via	 a	 polar	 mechanism,	 we	
speculated	that	more	polar	solvents	might	promote	more	efficiently	this	transformation	(Table	4.5).	
Nevertheless,	highly	polar	coordinating	solvents	such	as	DMF	or	HMPA	shutted	down	the	reactivity	
(entries	2	and	3),	while	ethereal	solvents	such	as	THF,	dioxane,	CPME,	or	DME	provided	the	desired	
product	in	lower	yield	than	toluene	(entries	4-7),	probably	due	to	their	coordinative	ability	to	low	
valent	Ni	species.	Other	non-polar	solvents	such	as	benzene	or	hexane	provided	negligible	amounts	
of	silylated	product	(entries	8	and	9).	Unfortunately,	at	the	moment,	we	do	not	have	any	rationale	
for	such	striking	behavior.		
	
	
Entry	 Solvent	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1a	 PhMe	 100	 100	(86)b	 0	
2	 DMF	 0	 0	 0	
3	 HMPA	 0	 0	 0	
4	 THF	 88	 74	 3	
5	 1,4-Dioxane	 65	 55	 5	
6	 CPME	 53	 41	 0	
7	 DME	 74	 59	 0	
8	 Benzene	 41	 34	 0	
9	 Heptane	 10	 3	 0	
	
1a	(40	μmol),	2a	(1.3	equiv.),	[Ni]	(10	mol%),	KOtBu	(2.2	equiv.),	PhMe	(200	μL),	25	ºC,	16	h.	HPLC	
conversion	and	yields	were	determined	using	biphenyl	as	 internal	 standard.	 a	15	min.	 b	 Isolated	
yield.	
	
Table	4.5.	Screening	of	solvents.	
	
With	 these	 results	 in	 hand,	 we	 then	 focused	 on	 studying	 the	 effect	 of	 the	 Ni	 catalyst	 loading	
(Table	4.6).	 In	contrast	with	the	vast	majority	of	Ni-catalyzed	couplings	of	aryl	methyl	ethers	 that	
require	high	precatalyst	loadings	(10	mol%),32	we	obtained	quantitative	yields	with	loadings	as	low	
as	 1	 mol%	 (entries	 1-5).	 It	 is	 worth	 noting	 that	 reaction	 rate	 decresed	 as	 Ni(COD)2	 loading	
decreases,	 needing	 1.5	 hour	 to	 reach	 full	 conversion	 with	 1	 mol%,	 which	 suggests	 a	 rate	 order	
different	from	0	for	the	Ni	catalytic	specie.	Interestingly,	when	using	catalytic	loadings	lower	than	1	
mol%,	 C-H	 siylation	 is	 partially	 promoted	 as	 small	 peaks	 corresponding	 to	monosilylated	 toluene	
and	xx	were	observed	by	GC	and	GC-MS	analysis	(entries	6-7).	This	side	reaction	may	proceed	via	
the	same	mechanims	as	the	KOtBu-catalyzed	C-H	silylation	recently	reported	by	Grubbs	et	al.20	
	
	 	
																																																								
32	For	 the	only	exceptions	 see:	 (a)	Dankwardt,	 J.	W.	Angew.Chem.,Int.Ed.	2004,	43,	 2428	 (5	mol%	NiCl2(PCy3)2).	 (b)	
Wang,	C.;	Ozaki,	T.;	Takita,	R.;	Uchiyama,	M.	Chem.	Eur.	J.	2012,	18,	3482	(4	mol%	NiCl2(PCy3)2).	(c)	Leiendecker,	M.;	
Hsiao,	 C.-C.;	 Guo,	 L.;	 Alandini,	 N.;	 Rueping,	M.	Angew.	 Chem.	 Int.	 Ed.	 2014,	 53,	 12912	 (1-10	mol%	 Ni(COD)2).	 (d)	
Morioka,	T.;	Nishizawa,	A.;	Nakamura,	K.;	Tobisu,	M.;	Chatani,	N.	Chem.Lett.	2015,	44,	1729	(5	mol%	Ni(COD)2).	
OMe Ni(COD)2 (10 mol %) SiEt3KOtBu (2.2 equiv.)
Solvent (0.2 M) +
H
25 ºC, 16 h
Et3SiBpin+
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	Entry	 x	mol%	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1a	 10	 100	 100	(86)b	 0	
2	 7.5	 100	 100	 0	
3	 5.0	 100	 100	 0	
4	 2.5	 100		 100	 0	
5c	 1.0	 100	 100	(88)d	 100	
6d	 0.75	 100	 68	 0	
7	d	 0.5	 100	 59	 0	
	
1a	(40	μmol),	2a	(1.3	equiv.),	Ni(COD)2	(0.5	-	10	mol%),	KOtBu	(2.2	equiv.),	PhMe	(200	μL),	25	ºC,	2	
h.	HPLC	conversion	and	yields	were	determined	using	biphenyl	as	 internal	 standard.	 a	15	min.	 b	
Isolated	yield.	c	1.5	h.	d	C-H	silylated	products	accounts	for	the	rest	of	the	mass-balance.		
	
	
Table	4.6.	Catalyst	loading	screening.	
	
We	also	established	the	optimal	amount	of	KOtBu	on	2.2	equivalents	(Table	4.6).	With	lower	base	
charge	we	did	not	obtain	quantitative	yields	(entries	2	and	3),	a	fact	that	could	be	rationalized	with	
the	low	solubility	of	KOtBu	in	toluene	or	the	nedd	of	formingn	of	boronate	K[B(pin)(OtBu)2]	as	driving	
force.	This	result	will	be	further	discussed	during	the	mechanistic	explanation.	
	
	
Entry	 x	equiv.	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 2.2	 100	 100	(86)a	 0	
2	 1.5	 98	 81	 0	
3	 1.0	 17	 11	 0	
	
1a	(40	μmol),	2a	(1.3	equiv.),	Ni(COD)2	(1	mol%),	KOtBu	(1.0	-	2.2	equiv.),	PhMe	(200	μL),	25	ºC,	2	
h.	 HPLC	 conversion	 and	 yields	were	 determined	 using	 biphenyl	 as	 internal	 standard.	 a	 Isolated	
yield.		
Table	4.7.	Screening	of	number	of	equivalents	of	KOtBu.	
	
In	order	to	confirm	the	superiority	of	methyl	ethers	as	electrophiles	in	our	silylation	method,	we	
submitted	different	phenol	derivatives	available	in	our	library	to	our	optimal	conditions	(Table	4.7).	
Interestingly,	 reactivity	 decreases	 proportionally	 to	 bulkiness	 of	 the	 alkoxide	 group	 (entries	 1-5);	
presumably	due	to	more	difficult	pre-coordination	of	the	active	catalyst	to	the	alkoxyarene	and/or	
Si	nucleophile	attack.	It	is	also	worth	noting	that	benzylic	C(sp3)-O	cleavage	or	silylation	in	benzylic	
C-H	 bond	 in	 2-(phenoxymethyl)naphthalene	was	 not	 observed	 unlike	 previous	 report	 (entry	 6).20	
Our	 silylative	 protocol	 could	 also	 be	 applied	 to	 aryl	 methyl	 thioethers,	 although	 higher	
temperatures	 are	 required	 in	 order	 to	 achieve	 good	 yields	 (entry	 6),	 probably	 due	 to	 the	 same	
reasons	as	before,	less	favored	pre-coordination	and/or	nucleophilic	attack	to	a	less	electrophilic	C-
S	 bons.	 As	 expected,	 pivalates	 and	 carbamates	 were	 hydrolyzed	 under	 such	 basic	 conditions	
(entries	7	and	8),	and	no	reactivity	was	observed	with	naphthol	or	sodium	naphthoxide	(entries	9	
and	10).	
OMe Ni(COD)2 (x mol %) SiEt3KOtBu (2.2 equiv.)
PhMe (0.2 M) +
H
25 ºC, 2 h
Et3SiBpin+
OMe Ni(COD)2 (1 mol %) SiEt3KOtBu (1.0 - 2.2 equiv.)
PhMe (0.2 M) +
H
25 ºC, 2 h
Et3SiBpin+
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Entry	 OR	 3a	(%)	
1	 OMe	(3a)	 	100	(88)a	
2	 OEt	(xx)	 79	
3	 OBn	(xx)	 62	
4	 OiPr	(xx)	 53	
5	 OtBu	(xx)	 30	
6	 SMe	(xx)	 36,	63b	
7c	 OPiv	(xx)	 0	
8c	 OCONMe2	(xx)	 0	
9	 ONa	(xx)	 0	
10	 OH	(xx)	 0	
	
Xx	-	xx	(0.25	mmol),	2a	(1.3	equiv.),	Ni(COD)2	(1	mol%),	KOtBu	(2.2	equiv.),	PhMe	(1.25	mL),	25	ºC,	
2	h.	HPLC	conversion	and	yields	were	determined	using	biphenyl	as	 internal	standard.	a	 Isolated	
yield.	b	Ni(COD)2	(10	mol%),	95	ºC,	16	h.	c	Naphthol	was	detected	as	major	product.	
	
Table	4.8.	C-O	electrophiles.	
	
	
As	anticipated,	careful	control	experiments	revealed	that	all	components	are	necessary	for	
the	 reaction	 to	 occur	 (Table	 4.8).	 In	 the	 absence	 of	 Ni(COD)2	 after	 1.5	 hour,	 insignificant	
amounts	 of	 the	 above	 mentioned	 C-H	 silylated	 products	 were	 detected	 by	 GC	 analysis.	
However,	after	16	hours	full	conversion	of	xx	to	C-H	silylated	products	(3	isomers	in	a	10:3:1	
ratio	 as	 detected	 by	 GC	 and	 GC-MS	 analysis).20,33,34	Gratificantly,	 our	 silylation	 could	 be	
easily	 scaled-up	 on	 a	 gram	 scale	 without	 further	 optimization,	 obtaning	 xx	 with	minimal	
erosion	of	the	yield	(entry	1).	
	 	
																																																								
33 Full	 characterization	 details	 for	 those	 compounds	 will	 be	 reported	 in	 due	 course:	 Martin,	 et	 al.,	 unpublished	
results. 
34	We	anticipate	that	the	major	product	correspond	to	2-methoxynaphthalene	silylated	in	1-position	according	to	the	
results	report	in	ref.	xx.	When	2-methoxynaphthalene	was	submitted	to	those	reported	conditions,	22%	conversion	
of	a	similar	mixture	of	C-H	silylated	products	was	detected	by	GC	and	GC-MS	analysis.	
OR Ni(COD)2 (1 mol %) SiEt3KOtBu (2.2 equiv.)
PhMe (0.2 M) +
H
25 ºC, 1.5 h
Et3SiBpin+
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Entry	 2a	 Ni(COD)2	 KOtBu	 Conv.	(%)	 3a	(%)	 3aa	(%)	
1	 ✓	 ✓	 ✓	 100	 88,a	79a,b	 0	
2	 ✗	 ✓	 ✓	 6	 0	 0	
3	 ✓	 ✗	 ✓	 21	 0	 0	
4	 ✓	 ✓	 ✗	 0	 0	 0	
	
1a	(0.25	mmol),	2a	(1.3	equiv.),	Ni(COD)2	(1	mol%),	KOtBu	(2.2	equiv.),	PhMe	(1.25	mL),	25	ºC,	1.5	
h.	HPLC	conversion	using	biphenyl	as	internal	standard	and	isolated	yields.	a	Isolated	yield.	b	1a	(10	
mmol),	2a	(13	mmol),	Ni(COD)2	(1	mol%),	KOtBu	(22	mmol),	PhMe	(40	mL),	25	˚C,	16	h.	✓	Indicates	
that	the	reagent	was	added	to	the	reaction	mixture;	✗	indicates	that	no	reagent	was	added	to	the	
reaction	mixture.	
	
Table	4.9.	Blank	experiments.	
	
Although	unlikely	for	alkyl	silanes,	a	Hiyama	coupling	scenario	of	xx	with	in	situ	formed	xx	might	
come	 into	 play.35	However,	 this	 was	 not	 the	 case	 since	 we	 did	 not	 detect	 the	 formation	 of	 bis-
naphthalene	during	the	optimization.	In	addition,	it	should	be	mentioned	that	in	many	instances	we	
have	 observed	 toluene-derived	 silylated	 products	 by	 GC-MS	 analysis,	 specially	 under	 Ni-free	
conditions.20	 Since	 it	 was	 not	 possible	 to	 separate	 the	 resulting	 products	 by	 column	
chromatography	 or	 distillation,	 at	 this	 point	 we	 cannot	 confirm	 the	 identity	 of	 the	 products,	
although	 tentatively	 we	 suggest	 benzyl	 triethylsilane	 as	 the	 major	 product	 (consistent	 with	
fragmentation	observed	by	GC-MS	analysis	and	reported	results20).	Finally,	any	kind	of	boron	specie	
apart	from	unreactive	silylborane	xx	was	not	detected	by	GC	analysis	during	the	optimization.	
	
	
																																																								
35	Shi,	W.-j.;	Zhao,	H.-W.;	Wang,	Y.;	Cao,	Z.-C.;	Zhang,	L.-S.;	Yu,	D.-G.;	Shi,	Z.-S.	Synth.	Catal.	2016,	358,	2410.	
OMe Ni(COD)2 (1 mol %) SiEt3KOtBu (2.2 equiv.)
PhMe (0.2 M) +
H
25 ºC, 1.5 h
Et3SiBpin+
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4.3.2.	Scope	of	silylboranes	
	
With	a	robust	set	of	reaction	conditions	in	hand,	we	decided	to	explore	the	preparative	scope	of	the	
transformation.	 Firstly,	 we	 examined	 the	 generality	 of	 our	 transformation	 with	 respect	 to	 the	
silylborane	 (Scheme	 4.4).	 When	 silylboranes	 xx-xx36 	were	 submitted	 to	 the	 optimal	 reaction	
conditions	 (Conditions	 A),	 low	 yields	 of	 the	 corresponding	 silylated	 product	 were	 obtained	 which	
could	turn	into	moderate	to	good	yields	by	frorcing	the	reaction	conditions	(Conditions	B).	The	order	
in	reactivity	may	be	dictated	by	a	combination	of	electronics	and	sterics	properties	of	the	silylborane	
being	 the	 reactivity	 favored	 when	 the	 silyl	 residue	 is	 more	 nucleophilic	 and	 less	 bulky.	 As	 an	
additional	curiosity,	 it	should	be	noted	that	reaction	with	hexaethyldisilane	(xx)	did	not	provide	any	
reactivity.	
	
	
	
Scheme	4.8.	Scope	of	Si-B	reagents.	
	
4.3.3.	Scope	of	Methyl	Ethers	
	
Successful	substrates	
	
We	next	move	our	attention	to	study	the	preparative	scope	of	our	catalytic	ipso-silylation	technique	
concerning	 the	 methoxyarene	 moiety	 using	 xx	 as	 coupling	 partner.	 As	 shown	 in	 Scheme	 4.xx.,	
different	 naphthyl	 methyl	 ethers	 with	 a	 diverse	 set	 of	 substitution	 patterns	 provided	 the	 desired	
silylated	 product	 in	 good	 to	 excellent	 yields.	 Noteworthy,	 vinyl	methyl	 ethers	 could	 be	 silylated	 in	
good	yields	under	the	same	mild	ligand-free	conditions	with	exquisite	stereoselectivity	(E:Z	>	20:1)	(xx	
and	xx),	and	site-selectivity	(xx).	E-stereoselectivity	could	be	explained	by	equilibration	of	the	silylated	
products	 since	 xx	 and	 xx	 were	 found	 to	 be	 configurationally	 stable	 when	 exposed	 to	 catalytic	
conditions,	 while	 E-xx	 partially	 isomerized	 (E/Z:	 ).37	Surprisingly,	 non-conjugated	 olefins	 (xx)	 and	
conjugated	tretrasubstituted	olefins	(xx)	did	not	suffer	from	silicon	attack	or	isomerization	as	it	would	
be	 expected	 under	 our	 conditions.xx	 Furthermore,	 substrates	 containing	 two	 aromatic	 methoxy	
groups	could	be	silylated	 in	both	C-O	bonds	 (xx)	or	selectively	 in	one	(xx),	 if	a	higher	excess	of	2,6-
dimethoxynaphthalene	was	employed.	
	
																																																								
36	Synthesized	according	to	Hartwig	protocol:	Boebel,	T.	A.;	Hartwig,	J.	F.	Organometallics	2008,	27,	6013.		
37 	Same	 E-stereoselectivity	 was	 previously	 observed	 in	 Suzuki-Miyaura-type	 coupling	 of	 viny	 ethers	 at	 high	
temperaturas:	Shimasaki,	T.;	Konno,	Y.;	Tobisu,	M.;	Chatani,	N.	Org.	Lett.	2009,	11,	4890.	However,	the	coupling	of	vinyl	
ethers	 with	 neosilyllitihium	 has	 been	 reported	 to	 take	 place	 with	 Z-selectivity	 at	 mild	 temperatures:	 Guo,	 L;	
Leinendecker,	M.;	Hsiao,	C.-C.;	Baumann,	C.;	Rueping,	M.	Chem.	Commun.	2015,	51,	1937.	
OMe Si
KOtBu (2.2 equiv.)
PhMe (0.2 M)
BpinSi
b ConditionsB: Ni(COD)2 (10 mol%), 95 ºC, 16 h.
(1.3 equiv.)
xx xa-d
pinB-SiMe2tBu pinB-SinPr3 pinB-SiEt3 pinB-SiMe2Ph
Bulkiness
Nucleophilicity & Bulkiness
a Conditions A: Ni(COD)2 (1 mol%), 25 ºC, 1.5 h.
xx xx xx xx
62% (xx)a 54% (xx)b88% (xx)b46% (xx)b
Ni(COD)2
+ -
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Scheme	4.9.	Scope	of	π–extended	methoxyarenes.	
	
Our	C-OMe	bond	cleavage/C-Si	bond	formation	methodology	is	not	only	limited	to	C(sp2)-O	bonds,	
C(sp3)-O	 bonds	 could	 also	 be	 silylated	 (Scheme	 4.5),	 although	 only	 in	methoxymethylnaphthalenes	
since	methoxymethylbenzenes	did	not	react.	xx	and	xx	were	obtained	under	our	catalytic	conditions	
in	moderate	yields	together	with	the	corresponding	C-O/C-H	bis-silylated	product,	whose	formation	
can	 be	 suppressed	 blocking	 the	 ortho-position.38	Noteworthy,	 C(sp3)-O	 bonds	 could	 be	 selectively	
silylated	 in	 the	presence	of	 aromatic	C(sp2)-OMe	bonds	 (xx).39	Strikingly,	 after	 carrying	out	detailed	
control	experiments,	we	discovered	that	benzylic	methyl	ethers	could	be	silylated	 in	the	absence	of	
catalyst	although	in	slightly	lower	yields.40	Grubbs	and	co-workers	reported	the	reductive	cleavage	of	
aryl	ethers	via	C(sp2)-O	bond	cleavage	with	stoichiometric	amounts	of	KOtBu	and	Et3SiH.	Under	those	
conditions,	 benzylic	 C(sp3)-H	 bonds	 could	 also	 be	 silylated.19	 Based	 on	 this	 report,	 when	 2-
(methoxymethyl)naphthalene	 xx	 was	 submitted	 to	 Grubbs	 conditions,	 reduced	 product	 (2-
methylnaphthalene)	 was	 observed	 as	 the	 major	 product,	 which	 afforded	 xx	 under	 our	 silylation	
conditions	without	Ni(COD)2,	as	considered	by	GC	analysis.	Therefore,	silylation	of	benzylic	systems	in	
the	absence	of	Ni	precatalyst	may	undergo	via	C(sp3)-O	hydrogenolysis/C(sp3)-H	silylation	pathway.41	
	
	
Scheme	4.10.	C(sp3)-OMe	Ipso-silylation.																																																									
38	C-H	silylation	could	be	directed	with	the	methoxy	group,	see	ref.	xx.	
39	As	 reported	 in	 Chapter	 3,	 this	 specific	 substrate	 underwent	 C(sp2)-O	 borylation	 under	 our	 Ni-catalyzed	 ipso-
borylation	conditions	(Chapter	3)	
40	In	the	cases	of	xx	and	xx,	higher	amount	of	C-O/C-H	bis-silylated	product	was	formed	in	the	absence	of	Ni(COD)2.	
41	We	believe	that	 this	process	occurs	via	 radical	 intermediates	as	 it	was	proposed	by	Grubbs	based	on	experimental	
observations	such	as	active	EPR	reaction	mixture	and	suppression	of	reactivity	with	radical	clocks	(1,4-cyclohexadiene)	
(ref.	8).	
As for Table 4.xx. (entry xx), 16 h. Isolated yields, average of at least two independent runs. a Ni(COD)2 (10 mol%), 2h. b Ni(COD)2 (10 mol%).
SiEt3
50%;b 32%50%;a 48%
SiEt3
SiEt3
92%; 63%
OMe
Ni(COD)2 (0-10 mol %)
xx xx
R R
KOtBu (1.1 - 2.2 equiv.)
PhMe, 25 ºC, 2 - 16 h
Et3SiBpin
xx
+ SiEt3OMe
With Ni; without Ni
xx xx xx
OMe Ni(COD)2 (1-10 mol %)
SiEt3
xx xx
75% (3e)a
R R
SiEt3
90% (3m)b,e98% (3l)
60% (3k)b,f,g
SiEt3
SiEt3SiEt3
58% (3i)b,c
KOtBu (1.1 - 2.2 equiv.)
PhMe, 25 - 95 ºC, 2 - 16 h
NMe2
Me
N
SiEt3
NMe
SiEt3
Et3Si
SiEt3Me
Me
OR = OMe, 88% (3f)d
R = OTIPS, 68% (3g)d
R = StBu, 77% (3h)d
R
R = H, 70% (3t)k,l
R = OMe, 61% (3u)b,m
SiEt3
R
R = SiMe3, 91% (3n)b,e
R = OMe, 60% (3oa)b,h,i
R = SiEt3, 74% (3ob)d,g,j
64% (3j)d
Et3SiBpin
R
As for Table 4.xx. (entry xx), 16 h. Isolated yields, average of at least two independent runs. a 40 ˚C. b Ni(COD)2 (10 mol%). c 2 h. 
d Ni(COD)2 (5 mol%). e 6 h. f 2a (0.44 mmol). g KOtBu (1.1 mmol). h 95 ºC. i 1o (0.83 mmol), 2a (0.25 mmol). j  2a (0.65 mmol).  k 50 ˚C.
l (E)-3t from (Z)-1t. m 3u (E:Z 20:1) from 1u (Z:E 3:2).
xx
+
SiEt3
38% (3m)d
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As	already	highlighted	during	this	dissertation,	regular	arenes	are	several	orders	of	magnitude	less	
reactive	than	π–extended	systems	in	C-O	bond	activation	protocols,	specially	in	the	case	of	elusive	C-
OMe	bonds.	However,	 to	 our	 delight,	 unbiased	 aryl	methyl	 ethers	 could	 also	 be	 applied	 in	 our	Ni-
catalyzed	ipso-silylation	(Scheme	4.xx.).	This	is	rather	striking	considering	that	the	lack	of	reactivity	of	
simple	 anisoles	 have	 generally	 be	 overcome	 by	 using	 highly	 reactive	 organometallic	 species,xx	
carefully	designed	 ligands,Suzuki	Chatani	and/or	ortho-	or	para-electron	withdrawing	groups.xx,	poner	todas	las	
ref	 o	 Review	 In	 contrast	 with	 the	 prevailing	 perception	 that	 ortho-activating	 groups	 would	 generally	
provide	 higher	 yields	when	 coupling	 anisole	 derivatives,	we	 found	 that	 xx	 resulted	 in	 considerably	
lower	yields	than	regular	anisole	(xx).	42,43	As	shown	in	both	Table	4.xx.	and	4.xx.,	naphthyl	and	phenyl	
methyl	 etehrs	 bearing	 non-aromatic	 alkyl	 ethers	 (xx),	 silyl	 ethers	 (xx)	 and	 thioethers	 (xx),	 tertiary	
amines	(xx,	xx,	xx),	amides	(xx)	and	N-containing	heterocycles	(xx)	were	succesfull	under	or	silylation	
conditions.	 Likewise,	 the	 reaction	 was	 not	 seriously	 hampered	 when	 more	 sterically	 hindered	
substrates	were	used,	specially	those	possessing	ortho-substituents	(xx,	xx,	xx,	xx).	Importantly,	acidic	
benzylic	protons	were	tolerated	in	our	reaction	outcome	(xx).	In	addition,	our	protocol	could	serve	as	
a	 straightforward	 platform	 for	 synthesizing	 hydroxyl	 substituted	 phenylsilanes	 (xx)	 from	 broadly	
available	heterocycles	containing	C(sp2)-O	bonds	such	as	benzofurane	(Table	4.xx.,	down)	
 
 
	
Scheme	4.11.	Scope	of	anisole	derivatives.	
	
Unsuccessful	substrates	
	
Unfortuatelly,	an	ample	range	of	substitution	patterns	were	not	well	tolerated	under	our	reaction	
conditions	due	to	the	reasons	entitled	in	Figures	4.1	and	4.2.44	
	
1. Silicon	addition	to	unsaturated	functionalities	(Figure	4.1,	1).	
Conjugated	alkynes	(xx-xx)	and	alkenes	(xx)	were	“hydrosilylayed”	under	our	conditions,	unlike	non-
conjugated	olefines	(xx)	and	tetrasubstituted	conjugated	olefins	(xx).	Furthermore,we	also	observed	
that	silicon	additionates	to	aromatic	and	benzylic	ketones	(COMe	and	COPh),	and	esters	(CO2Me).45																																																									
42	For	amide-directed	C-OMe	Suzuki-Miyaura-type	coupling,	see:	(a)	Zhao,	Y.;	Snieckus,	V.	J.	Am.	Chem.	Soc.	2014,	136,	
11224.	(b)	Zhao,	Y.;	Snieckus,	V.	Org.	Lett.	2015,	17,	4674.		
43	In	 contrast	 to	 previous	 reports	 with	 related	 systems,	 no	 C-H	 functonalization	 in	 ortho-position	 to	 the	 amide	 was	
observed:	Ueno,	S.;	Mizushima,	E.;	Chatani,	N.;		Kakiuchi,	F.	J.	Am.	Chem.	Soc.	2006,	128,	16516.	
44	It	 should	 be	 noted	 that	 only	 representative	 examples	 are	 shown	 as	 related	 compounds	 substituted	 in	 different	
positions	of	the	aromatic	ring	were	also	tried.	
45	Rösch,	L.;	Altnau,	G.;	Otto,	W.	H.	Angew.	Chem.	1981,	93,	607.		
OH
Et3Si
O
As for Table 4.xx. (entry xx), 16 h. Isolated yields, average of at least two independent runs. a  PhMe (0.75 mL). b 2a (2.0 equiv.), KOtBu (6.5 equiv.), PhMe 
(2.5 mL). c Ni(COD)2 (10 mol%). d KOtBu (1.95 equiv.). e Ni(COD)2 (5 mol%).
ortho-, 87% (5d)b,e
meta-, 89% (5e)b,e
para-, 54% (5f)b,c
51% (5b)c 58% (5h)b,e
SiEt3 SiEt3 SiEt3SiEt3
CONiPr2
SiEt3
61%,a 81%b (5a)
PhMe2N
R = NMe2, 57% (5c)a,c,d
R = OtBu, 62% (5g)b,e
Ph
OMe Ni(COD)2 (1-10 mol %)
SiEt3
xx xx
R R
KOtBu (1.95 - 6.5 equiv.)
PhMe, 25  ºC, 16 h
Et3SiBpin
xx
+
Ni(COD)2 (10 mol %)
KOtBu (6.5 equiv.)
PhMe, 40  ºC, 16 h
60% (xx)b,c
xx
Et3SiBpin
xx
+
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Under	our	optimal	conditions,	methoxynaphthalene	xx	was	transformed	into	xx,	whose	structure	was	
confirmed	by	GC-MS	analysis	and	1H	and	13C	NMR	spectroscopy.46	This	side	reaction	also	took	place	at	
low	temperaturas	(xx	at	0	ºC),	with	sterically	hindered	carbonyl	groups	(COtBu	and	CO2tBu),	or	with	
substrates	such	as	cumarine-type	compounds	xx,	whose	“hydrosilylation”	may	be	thermodinamically	
unfavored	 due	 to	 partial	 dearomatization.	 Additionally,	 when	 adding	 aluminum	 tris(2,6-
diphenylphenoxide	 (ATPH),47	which	 is	 known	 to	 protect	 ketones	 towards	 nucleophilic	 attack	 by	
complexation,	 no	 conversion	 of	 methoxyarenes	 bearing	 a	 ketone	 was	 detected	 probably	 due	 to	
incompatibility	 issues	 of	 this	 salt	with	 our	 reaction	 conditions.	 This	 formal	 hydrosilylation	 could	 be	
explained	due	either	silyl	anion	xx	or	silicon	radical	addition48	to	active	π	–systems.	
	
2. Cleavage	of	reactive	bonds	(Figure	4.1,	2).	
Other	aromatic	ethers	such	as	silyl	etehrs	 (xx)	or	 trifluromethylethers	 (xx),	as	well	as	other	bonds	
that	can	be	activated	under	Ni-catalysis,	as	C-Br	(xx),49	C-F	(xx),50	C-CN	(xx),51	C-N	(xx),52,53	and	C-SMe	
bonds54	(xx),	were	silylated	and/or	reductively	cleaved	with	under	our	catalytic	conditions	as	detected	
by	GC-MS	of	the	reaction	crude,	while,	alkyl	bromides	(xx)	and	chlorides	(xx)	were	borylated.55	
	
3. Intolerance	of	acidic	protons	(Figure	4.1,	3).	
Methoxyarenes	bearing	acidic	protons	such	as	those	presented	in	aromatic	acids	(xx)	or	secondary	
amides	(xx),	naphthols	(xx),	benzylic	acids	(xx)	or	alcohols	(xx),	hindered	aliphatic	alcohols	(xx),	and	N-
unprotected	indole	rings	(xx),	 led	no	conversion	even	when	higer	amounts	of	KOtBu	and	silylborane	
(xx)	 were	 added.	 This	 incompatibility	 with	 acidic	 proton	 could	 be	 because	 of	 the	 reluctance	 of	
nucleophilic	attack	of	more	electron-rich	deprotonated	substrates	or	deprotonation	with	highly	basic	
Et3Si	anion	forming	the	corresponding	silane	and	shutting	down	the	reaction.	
	
4. Incompatible	functional	groups	(Figure	4.1,	4).	
Other	 functionalities	 such	 as	 trifluromethyl	 (xx)	 and	 trifluoromethylthioether	 (xx)	 dramatically	
hampered	 the	 reactivity	 giving	 negligible	 yields	 of	 the	 corresponding	 silylated	 compound	 as	 only	
product.	Boronic	esters	(xx)	were	unreactive	under	our	conditions	and	no	protodeborylated	product	
was	 observed.	 Unfortunately	 we	 do	 not	 have	 any	 explanation	 for	 these	 results.	 In	 the	 case	 of	
nitroarenes	(xx),	protodenitration	was	observed	as	 it	as	been	reported	in	the	presence	of	KOtBu	via	
SET	mechanism.56		
	
	 	
																																																								
46	Linderman,	R.	J.;	Ghannam,	A.	J.	Am.	Chem.	Soc.	1990,	112,	2392. 
Chem.	Soc.	1995,	117,	9091.	
48 Chatgilialoglu,	C.	Chem.	Rev.	1995,	95,	1229. 
49	Tasker,	S.	Z.;	Standley,	E.	A.;	Jamison,	T.	F.	Nature	2014,	509,	299.	
50	Ahrens,	T.;	Kohlmann,	J.;	Ahrens,	M.;	Braun,	T.	Chem.	Rev.	2015,	115,	93.	
51	Wen,	Q.;	Lu,	P.;	Wang,	Y.	RSC	Adv.	2014,	4,	47806	
52	Ouyang,K.;	Hao,W.;	Zhang,W.-X.;	Xi,	Z.	Chem.	Rev.	2015,	115,	12045.	
53 Tobisu,	M.;	Nakamura,	K.;	Chatani,	N.	J.	Am.	Chem.	Soc.	2014,	136,	5587. 
54	Wang,	L.;	Hea,	W.;	Yu,	Z.	Chem.	Soc.	Rev.	2013,	42,	599.	
55	Later	explanation	in	Section	4.3.5.	of	this	Chapter.	
56	Guthrie,	R.	D.;	Hartmann,	C.;	Neill,	R.;	Nutter,	D.	E.	J.	Org.	Chem.	1987,	52,	736.	
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Figure	4.1.	Unsuccessful	substrates	due	to	reasons	1-4.	
	
	
5. Silylation	of	C(sp2)-H	bonds	(Figure	4.2.,	5).	
Electron	defficient	N-heteroaromatic	ring	underwent	C-H	bond	silylation	even	in	the	absence	of	Ni	
catalyst.20	 Quinoline	 derivative	 (xx)	 and	 phenylpyridine	 (xx)	 provided	 a	 single	 product,	 while	
methoxypyridines	 (xx)	 resulted	 in	 a	mixture	 of	 two	mono-silylated	 isomers,	 as	 observed	 by	GC-MS	
analysis.57	Likewise,	 methoxyarenes	 with	 ortho-directing	 groups	 as	 xx,	 provided	 the	 C-H	 silylated	
product	probably	in	ortho-position	to	the	amide	unlike	when	the	amide	was	in	ortho-position	to	the	
methoxy	 group	 (xx).	 Previous	 reports	 showed	 that	 in	 related	 systems,	 C-O	 bond	 cleavage	 is	
thermodinamically	 favored	 over	 kinetically	 prompted	 C-H	 bond	 activation.Error!	 Bookmark	 not	 defined.	
owever,	 in	this	case,	C-H	silylation	was	supressed	at	high	temperatures	(110	ºC),	although	C-O	bond	
silylation	was	not	observed.33	
	
6. Ni	poissoning	(Figure	4.2.,	6).	
Substrates	 bearing	 coordinating	 groups	 such	xx	 and	xx	 shutted	down	 the	 reactivity	 probably	 due	
coordination	to	low	valent	Ni	intermediates.		
	
7. Hydrogenolysis	of	C(sp2)-	and	C(sp3)-O	bonds	(Figure	4.2.,	7).	
Deoxygenative	 reduction	 was	 observed	 in	 aryl/aryl	 benzylic	 systems	 (Xx)	 and	 aryl	 phenyl	 ethers	
(Xx),	 which	 are	 known	 to	 be	 more	 prompted	 towards	 this	 transformation.19,58	It	 is	 not	 clear	 yet	
whether	the	hydride	source	comes	from	toluene,53	COD,59	or	the	starting	material	 itself,	either	from	
the	aromatic	protons53	or	the	methoxy	group	protons.60	
	
8. Undesired	products	(Figure	4.2.,	8).	
																																																								
57	When	using	2-	and	3-methoxypyridine,	two	mono-silylated	products	were	detected	by	GC-MS	analysis,	together	with	
a	bis-silylated	product	in	the	case	of	3-methoxypyridine.	
58 Sergeev,	A.	G.;	Webb,	J.	D.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2012,	134,	20226. 
59	Nett,	A.	J.;	Zhao,	W.;	Zimmerman,	P.	M.;	Montgomery,	J.	J.	Am.	Chem.	Soc.	2015,	137,	7636.	
60	Tobisu,	M.;	Morioka,	T.;	Ohtsuki,	A.;	Chatani,	N.	Chem.Sci.	2015,	6,	3410.	
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Allylic	systems	(xx)	provided	a	complex	mixture	probably	due	to	the	presence	of	multiple	reaction	
sites	via	formation	of	the	corresponding	η3	π-allyl	complex.xx	With	homobenzylic	substrates	a	1:1	of	
linear	and	branched	products	was	isolated	in	33%	yield	(xx).61	
	
9. Unreactive	substrates	(Figure	4.2.,	9).	
Unfortunately,	some	substrates	were	unreactive	under	our	catalytic	conditions;	even	upon	heating	
and	higher	catalyst	loadings.	For	instance,	tertiary	benzyl	methyl	ethers	(xx)	did	not	reactive	probably	
due	 to	 a	 higher	 steric	 hindrance	 or	 the	 problem	possessed	 by	β–hydrogens.	 C-OMe	bonds	 in	 non-
conjugated	benzylic	(xx,	xx,	xx)	and	vinylic	systems	(xx,	xx)	were	also	unreactive	probably	due	to	the	
so-called	 “naphthalene	problem”.62	Electron-rich	 aromatic	 rings	 such	 as	N-protected	 indoles	 (xx)	 or	
anisoles	bearing	electro-donating	groups	in	different	positions44	(xx,	xx,	xx)	were	recovered	under	our	
reaction	conditions.	These	results	corroborate	the	sensitivity	of	the	system	to	the	electronic	nature	of	
the	methoxyarene,	which	may	affect	a	 supposed	pre-coordination	of	 the	catalyst	or	a	“nucleophilic	
attack.”		
	
	
	
Figure	4.2.	Unsuccessful	substrates	due	to	reasons	5-10.	
	
As	judged	by	all	these	results,	we	could	tentatively	establish	the	order	of	reactivity	shown	in	Figure	
4.3.		
	
Figure	4.3.	Order	of	reactivity	of	different	C-OMe	systems.	
	 	
																																																								
61	Trost,	B.	M.;	Van	Vranken,	D.	L.	Chem.	Rev.	1996,	96,	395.	
62	In	the	case	of	xx	N-coordination	to	Ni	intermediates	may	responsable	of	the	non-reactivity.		
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4.3.4.	Orthogonal	Silylations	of	Anisole	Derivatives	
	
As	already	mentioned	in	the	introduction	of	this	chapter,	aryl	methyl	ether	has	been	employed	as	
mere	directing	groups	for	promoting	C-Si	bond	forming	reactions	at	the	ortho-,	meta-	or	para-position	
to	the	methoxy	group.	In	order	to	prove	the	complementarity	of	our	novel	Ni-catalyzed	ipso-silylation	
of	aryl	methyl	ethers,	we	examined	the	reactivity	of	anisole	derivative	xx	under	previously	methoxy-
directed	 silylation	 conditions	 and	 under	 our	 ipso-silylation	 protocol	 (Scheme	 4.8).	 Classical	 ortho-
metalation	 followed	 by	 silylation	 with	 a	 silicon	 electrophile	 provided	 exclusively	 ortho-silylated	
compound	xx	in	high	yield	(Scheme	4.8,	path	a).63	Ortho-selectivity	was	also	achieved	applying	Grubbs	
conditions	for	methoxy-direceted,	KOtBu-catalyzed	C(sp2)-H	silylation	(Scheme	4.8,	path	b).20	It	should	
be	 noted	 that	 product	 xx	 was	 isolated	 together	 with	 negligible	 amounts	 of	 product	 xx,	 which	 is	
formed	via	catalytic	C(sp3)-H	silylation.	
	
	
Scheme	4.12.	Orthogonal	silylation	strategies.	
	
Moreover,	 steric-controlled	 selectivity	 could	 be	 obtained	 applying	 a	 Rh-based	 catalytic	 system	
developed	by	Hartwig	et	al.	(Scheme	4.8,	path	c).64	In	this	report,	they	observed	that	silylation	of	xx	
occurs	 with	 high	 steric	 regiocontrol,	 providing	 an	 excellent	 yield	 of	 product	 xx,	 while	 insignificant	
amounts	 of	 xx.	 In	 a	 follow-up	 publication,	 the	 authors	 identified	 reductive	 elimination	 from	 an	
alkylrhodium(III)	 hydride	 complex	 as	 the	 rate-limiting	 step	 and	 formation	 of	 the	 C-Si	 bond	 as	 the	
selectivity-determining	 step.65	Finally,	 we	 apply	 our	 novel	 C-O	 cleavage/C-Si	 formation	 protocol,	
which	afforded	xx	as	the	only	silylated	product	in	a	60%	yield.66		
	 	
																																																								
63	Slocum,	D.	W.;	Reinscheld,	T.	K.;	White,	C.	B.;	Timmons,	M.	D.;	Shelton,	P.	A.;	Slocum,	M.	G.;	Sandlin,	R.	D.;	Holland,	E.	
G.;	Kusmic,	D.;	Jennings,	J.	A.;	Tekin,	K.	C.;	Nguyen,	Q.;	Bush,	S.	J.;	Keller,	J.	M.;	Whitley,	P.	E.	Organometallics	2013,	32,	
1674.	
64	Cheng,	C.;	Hartwig,	J.	F.	Science	2014,	343,	853.	
65	Cheng,	C.;	Hartwig,	J.	F.	J.	Am.	Chem.	Soc.	2014,	136,	12064.	
66	Higher	catalyst	and	base	amounts	should	be	applied	in	order	to	imporve	the	reactivity.	Under	conditions	optimized	
for	xx	low	reactivity	was	observed	(<30%	GC	yield).	
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4.3.5.	Mechanistic	studies	and	proposal	
	
Homogeneous	vs.	heterogeneous	system	
	
Firstly,	we	carried	out	studies	in	order	to	demonstrate	that	our	external	ligand-free	silylation	was	
not	catalyzed	by	a	heterogeneous	system,	taking	into	account	two	aspects:	
	
§ It	 has	 be	 proved	 that	 some	 ligand-free	 coupling	 reactions	 that	 employ	 transition	 metal	
complexes	as	homogeneous	precursors	are	catalyzed	by	heterogeneous	species.67,	68	
§ It	has	been	demonstrated	that	metal	tert-butoxide	can	stabilize	Ni	nanoparticles.69	
	
1. Mercury	poisoning	study	
In	 order	 to	 answer	 the	 question,	 “is	 our	 catalytic	 system	 homogeneous	 or	 heterogeneous?,”	
mercury	poisoning	test	is	generally	the	most	decisive	experiment,	although	careful	precautions	has	to	
be	wing	for	some	exceptions.67	Therefore,	we	firstly	turned	our	attention	to	this	test,	which	is	based	
on	the	ability	of	mercury	to	poison	metal(0)	heterogeneous	catalysts	via	formation	of	an	amalgam	or	
adsorption	on	the	metal	surface.	Interestingly,	when	mercury	(1	drop,	>2000	equiv.	to	Ni)	was	added	
to	our	reaction	mixture	after	achieving	some	conversion	(7	min.),	the	same	reactivity	profile	as	in	the	
absence	of	mercury	was	observed	 (Figure	4.4.).	The	 lack	of	 suppression	of	 the	 reactivity	 is	a	 strong	
evidence	 for	 homogeneous	 catalytic	 species.	 Furthermore,	 we	 could	 confirm	 the	 homogeneous	
nature	 of	 our	 catalytic	 system	by	 the	 absence	of	 induction	period,	which	 is	 the	 perquisite	 step	 for	
nucleation	of	free	metals	to	form	metal	clusters	when	starting	with	homogeneous	precatalysts.70		
	
	
	
Figure	4.4.	Kinetic	poisoning	study	with	Hg.																																																									
67	(a)	Widegren,	 J.	A.;	Finke,	R.	G.	J.	Mol.	Catal.	A	2003,	198,	317.	 (b)	Phan,	N.	T.	S.;	Sluys,	M.	V.	D.;	 Jones,C.	W.	Adv.	
Synth.	Catal.	2006,	348,	609.	(c)	Crabtree,	R.	H.	Chem.	Rev.	2012,	112,	1536.		
68	For	a	heterogeneous	ligand-free	Ni-catalyzed	C-O	bond	cleavage	protocol	that	us	Ni(COD)2	as	precatalyst,	see	ref.58.		
69	(a)	Brunet,	J.	J.;	Besozzi,	D.;	Courtois,	A.;	Caubère,	P.	J.	Am.	Chem.	Soc.	1982,	104,	7130.	(b)	Gallezot,	P.;	Leclercq,	C.;	
Fort,	Y.;	Caubère,	P.	J.	Mol.	Catal.	1994,	93,	79.	(c)	Illy,	S.;	Tillement,	O.;	Machizaud,	F.;	Dubois,	J.	M.;	Massicot,	F.;	Fort,	
Y.;	Ghanbaja,	J.	Philos.	Mag.	A	1999,	79,	1021.	
70	(a)	Lewis,	L.	N.;	Lewis,	N.	J.	Am.	Chem.	Soc.	1986,	108,	7228.	(b)	Reetz,	M.	T.;	Westermann,	E.	Angew.	Chem.,	Int.	Ed.	
2000,	39,	 165.	 (c)	Widegren,	 J.	 A.;	 Bennett,	M.	A.;	 Finke,	R.	G.	 J.	 Am.	Chem.	 Soc.	2003,	125,	 10301.	 (d)	 Rocaboy,	 C.;	
Gladysz,	J.	A.	New.	J.	Chem.	2003,	27,	39.	
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2. TEM	analysis	
In	addition,	TEM	analysis	of	three	aliquots	taken	at	different	times	during	the	course	of	the	reaction	
(5,	 30,	 and	 60	 min.)	 did	 not	 reveal	 formation	 of	 heterogeneous	 metal	 particles	 or	 clusters.	 A	
representative	 image	 of	 what	 we	 observed	 during	 the	 TEM	 analysis	 is	 shown	 in	 the	 experimental	
section	of	this	dissertation.	
	
Polar	vs.	radical	mechanism	
	
Having	identified	the	phase	of	our	active	catalyst,	we	tried	to	gain	more	insight	into	whether	our	
silylation	reaction	goes	via	a	polar	or	radical	mechanism.		
	
1. Intermediacy	of	radicals	
Although	unlikely,	we	firstly	wonder	if	our	transformation	took	place	via	the	SET	mechanism	via	one	
electron	reduction	of	the	phenyl	methyl	ether71	considering	that	in	our	reaction	media	we	have	three	
potential	electron	donors:	
	
§ KOtBu	 is	 known	 to	 act	 as	 electron	 donor	with	 certain	 systems,72	although	 reluctantly	with	
methoxyarenes	due	to	the	mismatch	of	the	redox	potentials.73	
§ Trialkylsilyl	anions	have	also	been	proposed	 to	be	 involved	 in	electron	 transfer	 reactions.74	
Nevertheless,	 we	 lately	 discarded	 this	 possibility	 by	 ruling	 out	 the	 intermediacy	 of	 silicon	
radical	species.	
§ Ni(0)	complexes	 can	undergo	one-electron	oxidation	processes	although	 in	 the	presence	of	
electron-rich	ligand	such	as	trialkylphosphines	and	with	less	reducing	aryl	halides.75		
The	 most	 common	 experiment	 to	 determine	 if	 a	 transformation	 works	 via	 radical	 mechanism	
consist	 of	 the	 addition	 of	 radical	 scanvengers	 that	 reacts	 with	 the	 potential	 radical	 intermediates.	
Unfotunately,	our	reaction	conditions	are	incompatible	with	common	radical	traps,	such	as	TEMPO	or	
glavinoxyl,	 which	may	 oxidize	 the	 precatalyst;	 BHT	 (pKa	 11.6)	 or	 1,9-dihydroanthracene	 (pka	 30.4)	
that	 can	 be	 deprotonated	 with	 KOtBu	 (pKa	 32.2);	 and	 ethene-1,1-diyldibenzene,	 which	 suffer	 the	
addition	of	potential	silicon-based	nucleoplilic	intermediates.	
	
In	order	 to	completely	 rule	out	 the	possibility	of	a	one-electron	reduction	pathway,	we	examined	
the	reactivity	with	radical	probe	xx	(Scheme	4.9.).	 If	the	aryl	methyl	ether	xx	 is	converted	to	an	aryl	
radical,	 via	 heterolytic	mode	 of	mesolytic	 scission,71	we	would	 expect	 to	 observe	 some	 amount	 of	
																																																								
71	Aryl	alkyl	ethers	can	undergo	mesolytic	cleavage	 in	 the	presence	of	alkai	metals:	Casado,	F.;	Pisano,	L.;	Farriol,	M.;	
Gallardo,	I.;	Marquet,	J.;	Melloni,	G.	J.	Org.	Chem.	2000,	65,	322.	
72	(a)	Studer,	A.;	Curran,	D.	P.	Angew.	Chem.	Int.	Ed.	2011,	50,	5018.	(b)	Barham,	J.	P.;	Coulthard,	G.;	Emery,	K.	J.;	Doni,	
E.;	Cumine,	F.;	Nocera,	G.;	John,	M.	P.;	Berlouis,	L.	E.	A.;	McGuire,	T.;	Tuttle,	T.;	Murphy,	J.	A.	J.	Am.	Chem.	Soc.	2016,	
138,	7402	and	citations	therein.	
73	Experimental	oxidation	potential	of	KOtBu	=	+0.1	V	vs.	SCE	in	DMF	(see	ref.	55b);	theoretical	reduction	potential	of	
PhOMe	 =	 -3.16	 V	 vs.	 NHE	 in	 CH3CN	
(http://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwje3YGnlLrPAhV
HWRQKHUpZCdcQFggiMAA&url=http%3A%2F%2Fwww.cosmologic.de%2Ffiles%2Fdownloads%2Fwhite-
papers%2FWP_redox_summary.pdf&usg=AFQjCNHgcNUI2scAz9_uV2f492eYF2rVWw&sig2=vDeabdvMdTK6vLK-
V07_Tg&bvm=bv.134495766,d.d24).		
74	(a)	Sakurai,	H.;	Okada,	A.;	Kira,	M.;	Yonezawa,	K.	Tetrahedron	Lett.	1971,	19,	1511.	(b)	Sakwai,	H.;	Okada,	A.;	Umino,	
H.;	Kira,	M.	J.	Am.	Chem.	Soc.	1973,	95,	955.		
75	Tsou,	T.	T.;	Kochi,	J.	K.	J.	Am.	Chem.	Soc.	1979,	101,	6319. (b)	Tsou,	T.	T.;	Kochi,	J.	K.	J.	Am.	Chem.	Soc.	1979,	101,	
7547.	
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rearranged	 product	 xx,	 due	 to	 the	 rapid	 5-exo-trig	 cyclization	 and	 ring-opening	 of	
cyclopropylmethyl.76		
	
Scheme	4.9.	Rearrangement	of	potential	radical	intermediate.	
	
As	 expected,	 under	 our	 standard	 conditions	 un-rearranged	 product	xx´	was	 detected	 as	 the	 only	
product	although	in	very	low	yield,	and	no	rearranged	product	xx	was	detected	(Table	4.9.,	entry	1).	
However,	the	degree	of	radical	clock	rearrangement	can	change	with	the	concentration	of	the	nickel	
catalyst	since	at	higher	catalyst	concentrations,	the	radical	has	less	time	to	rearrange	before	reacting	
with	nickel.77	However,	when	decreasing	the	concentration,	we	still	did	not	observe	the	formation	of	
rearranged	product.	At	higher	catalyst	loading,	we	observed	the	formation	of	un-rearranged	product	
xx	 in	 higher	 yield	 (entries	 3	 and	 4),	 but	 neither	 in	 this	 case,	 rearrangement	 took	 place	 when	
decreasing	the	concentration	(entries	5	and	6).	
	
	
	
Entry	 Ni	(mol%)	 [xx]	(mmol/mL)	 Conv.	(%)		 Xx	(%)	 Xx	(%)	
1	 1	 0.2	 8	 6	 0	
2	 1	 0.1	 5	 3	 0	
3	 5	 0.2	 50	 39	(38)a	 0	
4	 10	 0.2	 56	 39	 0	
5	 5	 0.1	 58	 38	 0	
6	 5	 0.04	 60	 33	 0	
	
xx	(0.25	mmol),	xx	(1.3	equiv),	Ni(COD)2	(1-10	mol%),	KOtBu	(2.2	equiv.),	PhMe	(1.25-
2.5	mL),	rt,	16	h.	a	Isolated	yield.		
	
	
Table	4.10.	Silylation	with	radical	probe	xx	at	different	conditions.	
	
Based	on	the	previous	radical	probe	experiment,	we	could	discard	the	intermediacy	of	aryl	radicals	
anion	 or	 aryl	 radical.	 Nevertheless	 we	 cannot	 rule	 out	 an	 elementary	 silicon	 radical	
regenarion/addition	mechanism.	78		 Silyl	 radicals	may	be	 formed	 via	 hemolytic	 Si-B	 cleavage79	or	 via	
one-electron	 reduction	 of	 silylborane	 xx.	 Knowing	 that	 silicon-centered	 radicals	 react	 with	 non-
activated	olefins	with	high	rate	constants	at	room	temperature,48,Error!	Bookmark	not	defined.	we	carried	out	
ur	reaction	in	the	presence	of	1-hexene	and	cyclooctene80		(Table	4.10).	In	both	cases,	xx	was	formed																																																									
76	Newcomb,	M.	Kinetics	of	Radical	Reactions:	Radical	Clocks.	 In	Radicals	 in	Organic	Synthesis;	Renaud,	P.;	Sibi,	M.	P.,	
Ed.;	1st.	Vol;	Wiley-VCH:	Weinheim,	Germany,	2001;	pp	317–336.		
77	Biswas,	S.;	Weix,	D.	J.	J.	Am.	Chem.	Soc.	2013,	135,	16192.	
78 Chatgilialoglu,	C.;	Ingold,	K.	U.;	Scaiano,	J.	C.	J.	Am.	Chem.	Soc.	1983,	105,	3292. 
79	Matsumoto,	A.;	Ito,	Y.	J.	Org.	Chem.	2000,	65,	5707.	
80	Conjugated	olefins	to	a	Π–electron	system	are	substantially	more	reactive	towards	silicon-centered	radicals,	but	also	
towards	silyl	anions	in	contrast	to	nonactivated	double	bonds.	
OMe SiEt3
E:Z 2:1
Ni(COD)2 (1-10 mol %)
KOtBu (2.2 equiv)
PhMe (0.2-0.1 M)
Et3SiBpin (xx) (1.3 equiv.)
E:Z 2:1
+
Et
25 ºC, 16 h
xx xx xx´
OMe
xx
OMe
xx xx xx xx
Et
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in	almost	quantitative	yields,	and	no	addition	of	silicon	to	the	double	bond	was	forming	which	may	
indicate	 that	 silicon	 radical	 species	are	not	 formed	 in	our	 throughout	 the	 reaction.	Furthermore,	 in	
case	of	highly	 reactive	 triethylsyl	 radicals,	Et3Si·,	would	participate	 in	 the	C-Si	bond	 formation,	 they	
would	 react	 with	 toluene81	or	 just	 about	 anything	 else	 that	 is	 present	 in	 the	 medium	 at	 suitable	
concentrations,82	including	 the	 substrate	and	 the	product,	 thus	making	 impossible	 to	perform	high-
yielding	C-OMe	bond	silylation	reactions.	
	
	
Entry	 Scavenger	 k	 Conv.	(%)	 xx	(%)	 Other	products	
1	 1-hexene	 4.8·106	 98	 98	 ✗	
2	 cis-cyclooctene	 Not	reported	 100	 87	 ✗	
	
1a	(0.25	mmol),	2a	(1.3	equiv),	Ni(COD)2	(1	mol%),	KOtBu	(2.2	equiv.),	PhMe	(1.25	mL),	radical	scavenger	(1.3	equiv.),	
rt,	3	h.	k:	absolute	rate	constant	(M-1s-1)	at	approximately	25	ºC	for	the	addition	of	Et3Si	radical	to	C-C	double	bonds.78	
	
Table	4.11.	Silylation	in	the	presence	of	Et3Si	radical	scavengers.	
	 	
																																																								
81	Absolute	rate	constant	(M-1s-1)	at	approximately	25	ºC	for	the	addition	of	Et3Si	radical	to	toluene:	1.2·106	M-1s-1.	
82	As	stated	by	Derek	Lower	in	his	famous	blog	in	the	journal	Science	called	"In	the	Pipeline":	“free	radicals	tend	to	react	
with	most	everything	in	sight.”	
(http://blogs.sciencemag.org/pipeline/archives/2010/08/05/metalfree_coupling_reactions_now_wait_a_minute_)	
Ni(COD)2 (1 mol %)
KOtBu (2.2 equiv)
PhMe (0.2 M), 25 ºC, 3 h
Et3SiBpin (xx) (1.3 equiv.)
+
Et3Si
scavenger
xx
SiEt3OMe
xx
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2. Intermediacy	of	silyl	anions	
	
A	more	pausible	pathway	would	be	a	polar	mechanism	via	the	 intermediacy	of	silyl	anions,	which	
could	 be	 formed	 heterolytic	 cleavage	 of	 Si-B	 bond	 with	 KOtBu.83	A	 way	 to	 prove	 this	 would	 be	
performing	 the	 reaction	 with	 Et3SiK	 (xx)	 as	 silicon	 source,	 however,	 attempts	 to	 independently	
synthesize	and/or	isolate	this	highly	reactive	specie	failed	(Scheme	4.10).	Since	hexaalkyldisilanes	are	
inert	 towards	 alkali	 metal	 cleavage,	 xx	 cannot	 not	 be	 prepare	 from	 the	 corresponding	 disilane	 or	
chlorosilane	in	the	presence	of	potassium.	Unlike	a	previous	report,	we	did	not	observe	any	reactivity	
between	Et3SiH	and	KH,	even	upon	heating	for	a	prolongated	period	of	time	(Scheme	4.xx.,path	a).84	
However,	a	modified	protocol85	based	on	the	reaction	of	hexaethyldisilane	xx	with	KOtBu	in	THF	in	the	
presence	of	18-crown-6,	provided	the	desired	silyl	anion	as	confirmed	with	the	detection	by	GC-MS	
analysis	of	Et3SiOtBu	(xx)	(Scheme	4.10,	path	b).86	However,	isolation	of	the	corresponding	silyl	anion	
was	 not	 possible	 and	 the	 in	 situ	 formation	 in	 our	 C-OMe	 silylation	 reaction	 did	 not	 provide	 any	
silylation	 product,	 probably	 due	 to	 the	 detrimental	 effect	 of	 the	 sequestration	 of	 K+	 or	 the	
coordination	of	Ni(0)	species	with	the	crown	ether.87		
	
	
	
Scheme	4.13.	Synthethic	attemps	towards	Et3SiK	(xx).	
	
Therefore,	 we	 decide	 to	 use	 PhMe2SiLi	 (xx),	 whose	 straightforward	 synthesis	 from	 the	
corresponding	chlorosilane	and	lithium	as	been	applied	in	several	literature	reports	(Table	4.12).88	As	
This	 coupling	 partner	 afforded	 the	 silylated	 product	 xx	 in	 20%	 yield	 under	 the	 optimal	 conditions	
found	 for	 PhMe2SiBpin	 (xx),	 thus	 suggesting	 the	 intermediacy	 of	 silicon	 anion	 species	 in	 our	
transformation	(entry	1).	However,	the	reactivity	is	lower	than	when	PhMe2SiBpin	(xx)	is	used	(entry	1	
and	2	vs.	entry	3).	Considering	that	THF	(xx	solution	is	in	THF)	has	not	a	dramatic	effect	in	reactivity	
(entry	3	vs.	entry	4),	it	may	be	due	to	the	decomposition	of	the	lithium	reagent	at	high	temperatures	
or	 the	 lack	 of	 the	 boryl	 moiety,	 which	 may	 act	 as	 a	 Lewis	 acid	 thus	 activating	 the	 C-O	 bond.89	
Nevertheless,	 a	 slight	 increase	 of	 yield	 was	 observed	 when	 the	 reaction	 was	 carried	 out	 at	 lower	
temperature	(entry	5)	or	in	the	presence	of	a	boron-based	Lewis	acid	(entry	6).	Therefore,	the	lower	
efficiency	 of	 xx	 might	 be	 explained	 considering	 the	 lower	 nucleophilicity	 of	 the	 silicon	 anion.90	
Noteworthy,	 with	 PhMe2SiLi	 (xx),	 the	 same	 reactivity	 was	 observed	 in	 the	 absence	 and	 in	 the	
																																																								
83	For	the	formation	of	KSiPh3	species	from	Ph3SiBpin	and	KOtBu,	see:	(a)	Kawachi,	A.;	Minamimoto,	T.;Tamao,	K.	Chem.	
Lett.	2001,	1216.	(b)	Ref.	2626.	
84	Corriu,	R.	J.	P.;	Guerin,	C.	Chem.	Comm.	1980,	4,	168	
85	Sakurai,	H.;	Kondo,	F.	J.	Organometallic	Chem.	1975,	92,	C46.	
86	Also	the	reaction	turned	orange,	characteristic	color	of	silyl	anions.	No	reaction	without	18-crown-6	was	observed.	
87	Full	conversion	observed	when	the	model	reaction	was	carried	out	in	the	presence	of	18-crown-6	in	either	toluene	or	
THF	as	solvents	for	6	hours	correspond	to	two	C(sp2)-H	silylated	products;	negligible	yields	of	C-OMe	silylated	product	
(xx)	were	detected. 
88	See	Experimental	Section	for	further	details.	
89	For	examples	where	boron	assisted	C-O	bond	cleavage	has	been	proposed,	see:	 (a)	Cao,	Z.-C.;	Yu,	D.-G.;	Zhu,	R.-Y.;	
Wei,	J.-B.;	Shi,	Z.-J.	Chem.	Commun.	2015,	51,	2683.	(b)	Cao,	Z.-C.;	Luo,	F.-X.;	Shi,	W.-J.;	Shi,	Z.-S.	Org.	Chem.	Front.	2015,	
2,	1505.	(c)	Shi,	W.-J.;	Li,	X.-L.;	Li,	Z.-W.;	Shi,	Z.-J.	Org.	Chem.	Front.	2016,	3,	375.		
90 Nucleophilicity	is	inversely	proportional	to	the	Coulombic	interaction	between	the	cation	and	the	silicon	anion. 
Et3SiH   +   KH
DME 40 ºC, 12 h
80 ºC, 48 h
No reaction
No reaction
Et3SiSiEt3  +    KOtBu
rt, 1 h
(1 equiv.) (1 equiv.)
(1 equiv.) (1 equiv.)
18-crown-6 (1 equiv.)
THF
Et3SiK   +   H2path a
path b [K(18-crown-6)SiEt3]   +   Et3SiOtBu
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presence	of	KOtBu,	thus	supporting	our	previous	conclusion	of	that	the	only	role	of	the	tertbutoxide	
anion	is	to	form	the	silyl	anion	(entry	1	vs.	entry	2).91	
	
	
	
Entry	 Deviation	from	standard	conditions	 xx	(%)	
1	 None	 20	
2	 +	KOtBu	(2.2	equiv.)	 22	
3	 PhMe2SiBpin	(xx)	instead	of	xx	 54a	
4	 PhMe2SiBpin	(xx)	instead	of	xx	+	THF	(33	μL)	 41	
5	 50	ºC	 34	
6	 +	MeOBpin	(1.3	equiv.)	 37	
	
xx	 (0.25	mmol),	xx	(1.3	equiv),	Ni(COD)2	(10	mol%),	KOtBu	(2.2	equiv.),	PhMe	(1.25	mL),	95	ºC,	
16	h.	GC	conversion	and	yield	using	decane	as	internal	standard.	a	Isolated	yield.	
	
Table	4.12.	Silylation	with	PhMe2SiLi	(xx).	
	
An	 additional	 experimental	 proof	 to	 support	 the	 intermediacy	 of	 silyl	 anions	 was	 the	 reactivity	
observed	with	alkyl	bromide	or	chlorides	(Table	4.12).When	alkyl	bromide	(xx)	was	submitted	to	our	
standard	conditions,	borylated	compound	xx	as	the	major	product	(entry	1).	The	same	reactivity	was	
observed	 in	 the	 absence	 of	 catalyst.	 Ito	 and	 coworkers	 reported	 the	 same	 reactivity	with	 a	 rather	
similar	 silylboronic	 ester/alkoxy	 base	 system	 (Scheme	 4.12),	 and	 they	 demonstrated	 with	
experimental	 and	 theoretical	 studies	 that	 the	 transformation	 went	 through	 the	 formation	 of	 a	
carbanion	 via	 the	halogenophilick	 attack	 of	 a	 silicon	nucleophile.92	In	 Ito´s	work,	 borylation	of	 alkyl	
chlorides	 was	 not	 reported;	 however,	 under	 our	 silylation	 conditions,	 xx	 gave	 exclusively	 the	
borylated	product.	 In	both	cases,	with	the	alkyl	bromide	xx	and	the	alkyl	chloride	xx,	 the	borylative	
transformation	may	 follow	 the	 same	mechanism	proposed	by	 Ito	and	coworkers.	 This	would	be	an	
additional	evidence	 to	demonstrate	 that	our	Ni-catalyzed	silylation	of	aryl	methyl	ethers	goes	via	a	
polar	mechanism	based	 on	 the	 formation	 of	 silyl	 anion	 intermediates,	 thus	 ruling	 out	 a	 radical-	 or	
radical-anion-mediated	mechanism.	
	
	
	
	
	 	
																																																								
91	The	 countercation	 could	play	a	noninnocence	 role	by	activating	 the	C-O	bond	via	η6–arene	 coordination.	 Thus	 the	
lower	Lewis	acidity	of	Li+	and	K+	could	explain	the	lower	reactivity.	
92	(a)	Yamamoto,	E.;	Izumi,	K.;	Horita,	Y.;	Ito,	H.	J.	Am.	Chem.	Soc.	2012,	134,	19997.	(b)	Yamamoto,	E.;	Ukigai,	S.;	Ito,	H.	
Chem.	Sci.	2015,	6,	2943	(c)	Uematsu,R.;	Yamamoto,	E.;	Maeda,	S.;	 Ito,	 I.;	Taketsugu,	T.	 J.	Am.	Chem.	Soc.	2015,	137,	
4090.		
OMe SiMe2Ph
xx
Ni(COD)2 (10 mol %)
PhMe (0.2 M), 95 ºC, 16 h
PhMe2SiLi
xx xx
+
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1a	(0.25	mmol),	2a	(2.6	equiv),	Ni(COD)2	(0	-	1	mol%),	KOtBu	(2.2	equiv.),	toluene	(1.25	mL),	25	ºC,	
16	h.	GC	 conversion	and	 yield	using	decane	as	 internal	 standard.	a	 6a:6b	 ratio	 calculated	by	GC	
analysis.	b	Isolated	yield.	
	
Table	4.13.	Borylation	of	alkyl	halides.	
	
	
	
Scheme	4.14.	Ito´s	mechanistic	proposal	for	metal-free	borylation	of	organic	halides.	
	
Finally,	in	order	to	gain	more	information	about	the	nature	of	the	silicon	nucleophile	that	is	formed	
in	our	reaction,	we	realized	some	stoichiometric	experiments	(Scheme	4.xx.).	An	in-situ	11B{1H}	NMR	
monitorization	of	the	reaction	of	xx	with	KOtBu	in	toluene-d8	(Scheme	4.xx.;	A)	revealed	a	new	small	
signal	 at	 4.00	 ppm,	which	 probably	 correspond	 to	 borinate	 product	xx,93	whose	 intensity	 does	 not	
increase	over	the	time.	Interestingly,	tBuOBpin	was	not	detected	in	the	reaction	crude.	These	results	
are	similar	to	those	obtained	with	PhMe2SiBpin/KOtBu	system,94,83	 
	
	
	
	
Scheme	4.15.	Stoichiometric	experiments	for	detecting	Si	and	B	species.																																																									
93	11B{1H}	NMR	THF-d8:	[PhMe2SiBpin(OtBu)]K	(39	ppm);	tBuOBpin	(22	ppm),	see	ref.	77.		
94	Ito,	I.;	Horita,	Y.;	Yamamoto,	E.	Chem.	Commun.	2012,	48,	8006.	
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The	 same	 reaction	 was	 carried	 out	 in	 bench-scale	 observing	 the	 formation	 of	 a	 pale	 yellow	 gel	
insoluble	in	toluene	(Scheme	4.14;	B).	Unlike	in	the	previous	case,	we	did	observe	full	conversion	of	
silylborane	 xx	 as	 confirmed	 by	 toluene-d8	 NMR	 and	 GC	 analysis,	 but	 anything	 else	 was	 detected	
probably	due	to	the	formation	of	insoluble	tetrasubstituted	boron-containing	species.	11B{1H}	NMR	in	
CD3OD	 revealed	 two	 signals	 at	 5.4	 ppm	 and	 2.9	 ppm	 in	 a	 approximately	 1:2	 ratio,	 which	 we	
speculated	that	correspond	to	tetrasubstituted	boron-compounds	xx	and	xx,	respectively.95	The	same	
reaction	 in	 the	 presence	 of	 a	 stoichiometric	 amount	 of	 Ni(COD)2	 immediately	 turned	 orange	 and	
showed	the	formation	of	the	same	two	products	although	in	a	1:1	(Scheme	4.14;	C).	This	is	supported	
by	the	11B{1H}	NMR	of	our	model	reaction	crude,	which	shows	the	peak	assigned	to	xx	as	the	major	
signal,	together	with	a	small	signal	assigned	to	xx.95	We	did	not	observed	any	other	new	signal	which	
indicates	 that	 the	methoxy	 anion	 that	 may	 be	 form	 in	 our	 reaction	 doesn´t	 react	 with	 the	 boron	
species	presented	 in	 the	medium.	We	could	 come	up	with	 three	 important	 conclusions	 from	 these	
results:	
	
§ The	reaction	goes	via	a	polar	mechanism	through	the	formation	of	a	silyl	anion	specie.	
§ Ni(COD)2	 favors	 the	 formation	 of	 the	 silyl	 anion	 from	 K[Et3SiBpin(OtBu)2]	 xx,	 probably	
resulting	in	a	Ni(0)-Si	ate	complex.	
§ At	 least	 2	 equivalents	 of	 KOtBu	 are	 necessary	 in	 order	 to	 form	 bis-tert-butoxide	 boronate	
xx.96	
§ A	 boron	 assisted	 C-OMe	 bond-cleavage	 could	 be	 potentially	 ruled	 out	 regarding	 the	
proposed	 saturated	boron-based	 intermediate	xx	 and	product	xx,	 both	 isoluble	 in	 toluene	
solvent.		
	
Mechanistic	proposal	
	
At	this	stage,	before	proposing	a	catalytic	cycle,	it	should	be	noticed	that	the	ipso-selectivity	of	our	
transformation	allows	us	to	rule	out	an	ortho	C-H	silylation/C-O	reduction	pathway	or	vice	versa.	This	
could	be	supported	with	a	2DgHMBC	NMR	experiment	of	xx,	which	confirmed	the	formation	of	ipso-
silylation	product	(Scheme	4.15).	For	the	same	reason,	we	could	rule	out	a	mechanism	based	on	the	
formation	 of	 arynes	 intermediates	 either	 from	 the	 ortho-silylated	 aryl	 methyl	 ether	 or	 via	
deprotonation	in	ortho-possition	to	the	methoxy	group.97	
	
	
	
Scheme	4.16.	Discarding	other	paussible	mechanistic	pathways.	
	
In	 addition,	 C-OMe	 bond	 activation	 mode	 via	 oxidative	 addition	 to	 Ni(0)	 in	 aryl	 methyl	 is	
thermodynamically	and	kinetically	unfavorable,	specially	in	the	case	of	unbiased	anisoles.98	Therefore,																																																									
95	Although	 with	 veryl	 low	 intensity,	 a	 third	 signal	 at	 7.83	 ppm	 is	 observed.	 Unfortunately,	 we	 do	 not	 have	 an	
reasonable	explanation	for	this.	
96	As	observed	during	the	optimization,	a	decrease	of	reactivity	was	observed	when	using	 less	than	2	equiv.	of	KOtBu	
(Table	4.xx.).	Low	solubility	of	KOtBu	in	toluene	may	also	affect.	
97 For	a	useful	review	about	synthesis	and	applications	of	arynes,	see:	Tadross,	P.	M.;	Stoltz,	B.	M.;	Chem.	Rev.	2012,	
112	,	3550.	
98	Theoretical	C-O	BDE	in	PhOMe	=	95.7	kcalmol:	Quasdorf,	K.	W.;	Antoft-Finch,	A.;	Liu,	P.;	Silberstein,	A.	L.;	Komaromi,	
A.;	Blackburn,	T.;	Ramgren,	S.	D.;	Houk,	K.	N.;	Snieckus,	V.;	Garg,	N.	K.	J.	Am.	Chem.	Soc.	2011,	133,	6352.	
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a	 simple	 extension	 of	 conventional	 oxidative	 addition	 mechanism	 cannot	 account	 for	 the	
experimental	 observations	 that	 our	 silylation	 reaction	 takes	 places	 without	 the	 assistance	 of	 a	
supporting	ligand	or	any	other	additive,	and	at	catalyst	loadings	and	temperatures	as	low	as	1	mol%	
and	0	ºC,	respectively.		
	
Taken	together,	these	preliminary	studies	point	to	a	previously	unreported	mechanism	for	the	C-O	
bond	cleavage	in	aryl	methyl	ethers.	Our	group,	and	more	recently	the	group	of	Chatani	and	Tobisu,	
have	suggested	that	Ni(0)-ate	complexes	may	be	the	active	species	in	KTC	coupling	via	C-OMe	bond	
cleavage.99,100	Motivated	by	this	perception,	Wang	and	Uchiyama	carried	out	a	computational	study	
on	the	Ni-catalyzed	arylation	of	anisole	and	reinforced	the	notion	of	nickelate	complexes	participating	
in	 a	 Lewis	 acid	assisted	C(sp2)-O	bond	activation.101	Likewise,	we	 consider	 that	our	 silylation	of	 aryl	
methyl	ethers	may	undergo	via	the	 intermediacy	of	 [Ni(0)-Si]--	ate	complexes	 (Scheme	4.xx.).	Based	
on	our	 stoichiometric	 experiments,	 [(COD)Ni(0)-SiEt3]K	ate	 complex	xx,	whose	 structure	 reminds	 to	
previously	 isolated	 [(COD)Ni(0)-Me]Li(tmeda)2	 complex,85a	 might	 be	 formed	 from	 Ni(COD)2	 and	
borinate	 xx	 in	 the	 presence	 of	 a	 second	 equivalent	 of	 KOtBu.102	This	 nickelate	 complex	 could	
participate,	after	coordination	to	the	π-plane,103	in	the	subsequent	K+	assisted	C-O	bond	activation	via	
a	five-membered	ring	intermediate	xx,	which	leads	to	the	formation	of	aryl/silicon	Ni(II)-complex	xx,	
while	 transferring	 the	 methoxide	 anion	 to	 the	 potassium	 center	 (Scheme	 4.xx.,	 path	 a).	 Xx	 could	
easily	undergo	C-Si	 reductive	elimination	 to	 form	 the	 final	C-Si	 bond.104	We	 speculate	 that	K	 cation	
assists	the	cleavage	of	the	C-O	bond	via	a	Lewis-acidic	coordination	to	the	methoxy	group.71	This	step	
is	facilitated	by	a	push–pull	interaction,	in	which	the	K+	enhance	the	leaving	ability	of	the	-OMe	group,	
and	the	anionically	activated	Ni(0)-ate	complex	inserts	to	the	C(sp2)-O,	thus	forming	a	C-Ni	bond.	The	
non-innocent	behavior	of	the	counterion	in	the	C-OMe	bond	activation	was	proposed	by	our	group,	
and	lately	experimentally99	and	computationally101,105	corroborated	by	other	groups.	
	 	
																																																								
99	(a)	Cornella,	J.;	Martin,	R.	Org.	Lett.	2013,	15,	6298.	(b)	Tobisu,	M.;	Takahira,	T.;	Morioka,	T.;	Chatani,	N.	J.	Am.	Chem.	
Soc.	2016,	138,	6711.	
100	For	synthesis	and	characterization	of	Ni(0)-ate	complexes	from	Ni(COD)2	and	organolithium	reagents:	 (a)	Jonas,	K.;	
Pörschke,	 K.	 R.;	 Krüger,	 C.;	 Tsay,	 Y.-H.	 Angew.	 Chem.,	 Int.	 Ed.	 1976,	 15,	 621.	 (b)	 Kaschube,	 W.;	 Po ̈rschke,	 K.-R.;	
Angermund,	K.;	Kru ̈ger,	C.;	Wilke,	G.	Chem.	Ber.	1988,	121,	1921−1929.	(c)	Wei,	J.;	Zhang,	W.-X.;	Xi,	Z.	Angew.	Chem.,	
Int.	Ed.	2015,	54,	5999.		
101	Ogawa,	H.;	Minami,	H.;	Ozaki,	T.;	Komagawa,	S.;	Wang,	C.;	Uchiyama,	M.	Chem.	Eur.	J.	2015,	21,	13904.	
102	Ni-Si	ate-complex	xx	could	be	 formed	via	 the	 intermediacy	of	 [(COD)Ni(OtBu)]-	 complex,	whose	 formation	may	be	
favored	 in	 the	 presence	 of	 an	 excess	 of	 base:	 Xu,	 L.;	 Chung,	 L.-W.;	 Wu,	 Y.-D.	 ACS	 Catalysis	 2016,	 6,	 483.	 A	
transmetalation	 step	 between	 [L2PdAr(OtBu)]	 and	 [ArB(OR)2(OtBu)]	 generating	 a	 related	 bis-tert-butoxide	 borate	 has	
been	proposed	in	Suzuki-Miyaura	coupling	reactions	of	aryl	halides:	Synthesis	of	Biaryls	via	Ligand-Free	Suzuki–Miyaura	
Cross-Coupling	Reactions:	A	Review	of	Homogeneous	and	HeterogeneousCatalytic	Developments	
103	Although	it	has	been	proposed	that	Ni(0)	binds	to	the	π-system	in	η2-fashion	proximal	to	the	ether	moiety	prior	to	
the	classical	oxidative	addition	of	the	C-O	bond	((a)	Li,	Z.;	Zhang,	S.-L.;	Fu,	Y.;	Guo,	Q.-X.;	Liu,	L.	J.	Am.	Chem.	Soc.	2009,	
131,	
8815.	(b)	Yoshikai,	N.;	Matsuda,	H.;	Nakamura,	E.	J.	Am.	Chem.	Soc.	2009,	131,	9590);	when	ate-complex	are	formed,	d–	
π*	back-donation	interaction	is	crucial	for	a	smooth	C-O	bond	cleavage	(ref.	86).	
104	Hartwig,	J.	F.	Nature	2008,	455,	314.	
105	For	 computationally	 demonstrated	 Al	 and	 Mg-assisted	 COMe	 oxidative	 addition	 via	 coordination	 to	 the	 ether	
oxygen,	see:	(a)	Liu,	X.;	Hsiao,	C.-C.;	Kalvet,	I.;	Leiendecker,	M.;	Guo,	L.;	Schoenebeck,	F.;	Rueping,	M.	Angew.	Chem.	Int.	
Ed.	2016,	55,	 6093.	 (b)	 Xu,	 L.;	 Chung,	 L.	W.;	Wu,	 Y.-D.	ACS	Catal.	2016,	6,	 483.	 (c)	 Kelley,	 P.;	 Edouard,	G.	A.;	 Lin,	 S.;	
Agapie,	T.	Chem.	Eur.	J.	2016,	XX,	XX.	
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Scheme	4.17.	Mechanistic	proposal.	
	
It	 should	 be	 noted	 that	 from	 intermediate	xx,	 an	 internal	 nucleophilic	 aromatic	 substitution-type	
mechanism	 (I-SNAr)106	through	 an	 inner-sphere	 attack	 of	 the	 silicon	 anion	 to	 the	 K	 cation-activated	
methoxyarene	 could	 also	 be	 proposed	 (Scheme	 4.16,	 path	 b).	 In	 this	 case,	 the	 ni(0)	 would	 not	
esperiment	any	change	in	the	oxidation	state.	Overall,	both	path	a	and	b	could	be	considered	as	SNAr-
like	 pathways	 in	 which	 either	 the	 anionic	 Ni	 center	 or	 the	 Si	 nucleophilic	 center	 attack	 the	 ipso-
carbon,	respectively.	(dIRECT	Si	anion	attack	to	arene	coordinated	to	Ni,	it	is	true	that	nakamura,	hou	
and	others	have	calculated	that	eta-2	coordination	of	Ni-fosfine	to	anisole	is	very	unfavorable,	but	it	
should	more	favored	with	Ni(COD),	lees	electron-rich)	
	
A	mechanism	via	the	intermediacy	of	[(COD)Ni(OtBu)]--type	complexes,	as	proposed	by	Chung	et	al.	
for	 the	 reductive	 cleavage	 of	 aryl	 ethers	 in	 the	 presence	 of	 an	 excess	 of	 tert-butoxide,102	could	 be	
ruled	out	considering	that	the	reaction	with	PhMe2SiLi(xx)	takes	place	with	equal	efficiency	with	and	
without	KOtBu	(Table	4.16).		
	
Interestingly,	secondary	kinetic	isotope	effect	(KIE)	has	been	observed	when	2-methoxynaphthalene	
D-labelled	in	1-	and	3-positions	was	submitted	to	our	standard	conditions.	Based	on	this	observation,	
we	may	propose	the	coordination	 interaction	of	 the	aryl	methyl	ether	to	the	Ni-ate	complex	as	the	
first	irreversible	step.107		
	
Both	 mechanistic	 pathways	 are	 in	 good	 accordance	 with	 the	 experimental	 observations	 of	 our	
silylation	reaction:	
	
§ Pathways	 other	 than	 generally	 proposed	 C–O	 bond	 oxidative	 addition	 allows	 for	 the	
application	of	unusually	mild	conditions	and	short	reaction	times.	
§ KOtBu	is	crucial	in	our	transformation	due	to	the	tert-butoxide	attack	to	the	Si-B	bond	and	
the	K	cation	assistance	to	the	C-O	bond	activation.	
§ Ineffeciency	 of	 other	 bases	 may	 be	 due	 to	 a	 combination	 of	 lower	 Lewis	 acidity	 of	 the	
countercation,	 lower	 nucleophilicity	 of	 the	 in	 situ	 generated	 silicon	 anion	 specie,90	and	
lower	solubility.	
§ M(II)-Si	and	M(III)-Si	(M	=	Ni,	Fe,	Co)	provide	lower	or	negligible	reactivity,	probably	due	to	
the	stronger	M-Si	bond	in	the	corresponding	ate	complex,108	which	may	impede	the	release	
of	the	silicon	anion.																																																									
106	O´Reilly,	M.	E.;	Johnson,	S.	I.;	Nielsen,	R.	J.;	Goddard	III,	W.	A.;	Gunnoe,	T.	B.	Organometallics	2016,	35,	2053.  
107	(a)	 N.	 Yoshikai,	 H.	 Matsuda,	 E.	 Nakamura	 J.	 Am.	 Chem.	 Soc.	 2008,	 130,	 15258.	 (b)	 N.	 Yoshikai,	 H.	 Matsuda,	 E.	
Nakamura	J.	Am.	Chem.	Soc.	2009,	131,	9590.	
108	For	previously	Ni(II),	Fe(II)	and	Co(II)	ate	compelxes,	see:	
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§ Polar	solvents	coordinates	to	K	center	 lowering	 its	Lewis	acidity	and,	therefore,	providing	
lower	yields	of	the	silylated	product.109	
§ Stronger	 η2-coordination	 of	 π–extended	 systems	 to	 the	 Ni-ate	 complex	 could	 partially	
explain	their	higher	reactivity.110	This	is	in	agreement	with	the	observation	that	a	big	excess	
amount	of	a	KOtBu	is	generally	needed	to	achieve	high	good	yields	with	anisole	derivatives.	
If	 path	 b	 would	 be	 operative,	 they	 favored	 the	 generation	 of	 Meisenheimer-type	
complexes	in	π–extended	systems	would	also	contribute	to	their	higher	efficiency.	
§ Steric	and	electronic	nature	of	silylborane	and	aryl	methyl	ether	 (alkoxy	group	and	arene	
substituents)	affect	the	coordination	to	the	Ni-Si	complex	as	well	as	the	Ni	attack	(path	a)	
or	Si	anion	(attack).	
§ The	 limited	 functional	 group	 tolerance	 can	 be	 rationalized	 with	 the	 formation	 of	 highly	
nucleophilic	and	basic	silicon	species.	
§ In	 the	 absence	 of	Ni	 precatalyst,	 the	 highly	 reactive	 silicon	 anion	 can	 directly	 attack	 the	
arene	ring	resulting	in	a	formal	C(sp2)-H	silylation.	
§ In	the	case	of	benzylic	methyl	ethers,	C(sp3)-O	bond	silylation	may	probably	undergo	via	a	
Ni-ate-catalyzed	 SN2-type	mechanism.	Unfortunately,	we	do	not	 have	 a	 clear	 explanation	
for	their	reactivity	under	Ni-free	conditions.	
Although	 further	 experimental	 and	 theoretical	 studies	 were	 done	 in	 order	 to	 get	 more	 insights	
about	 the	 mechanism,	 there	 is	 not	 doubt	 that	 our	 transformation	 would	 throw	 new	 light	 on	 the	
enigma	behind	the	activation	of	“inert”	aryl	methyl	ethers.	
  
																																																								
109	Kumada-type	coupling	of	aryl	methyl	ethers	was	reported	to	give	higher	yields	in	non-polar	solvents:	Dankwardt,	J.	
W.	Angew.	Chem.	Int.	Ed.	2004,	43,	2428.	(b)	Tobisu,	M.;	Takahira,	T.;	Chatani,	N.	Org.	Lett.	2015,	17,	4352.	
110 Bauer,	D.	J.;	Krueger,	C.	Inorg.	Chem.	1977,	16,	884.	
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4.4.	Conclusions	and	future	work	
 
In	the	present	chapter,	we	have	reported	the	development	of	the	first	 ipso-silylation	of	aryl,	vinyl,	
and	 benzyl	 methyl	 ethers	 via	 Ni-catalyzed	 C-OMe	 bond	 cleavage.	 At	 present,	 the	 vast	 majority	 of	
catalytic	methodologies	based	on	 the	employment	of	 these	electrophiles	 are	 confined	 to	C-C	bond	
formation	 utilizing	 stoichiometric	 amounts	 of	 highly	 reactive	 organometallic	 species,	 high	
temperatures	 and/or	 rather	 expensive	 electron-rich	 phosphines	 or	 NHC	 ligands.	 However,	 our	
silylation	 reaction	 employs	 mild	 silylboranes	 as	 the	 silicon	 source,	 and	 it	 proceeds	 under	 mild	
conditions,	 with	 catalyst	 loadings	 as	 low	 as	 1	 mol%,	 at	 temperatures	 as	 low	 as	 0 ºC,	 and	 in	 the	
absence	of	supporting	ligands.	Gratinfingly,	 in	contrast	to	other	C-OMe	bond	scission	protocols,	this	
reaction	 could	 be	 applied	 to	 either	 π–extended	 or	 regular	 aromatic	 backbones	 with	 equal	 ease,	
including	 challenging	 unbiased	 substrates.	 Furthermore,	 we	 have	 shown	 that	 our	 ipso-silylation	
reaction	of	C-OMe	bonds	is	complementary	to	previous	directed	C-H	silylation	techniques.	
	
In	addition,	we	have	presented	a	mechanistic	discussion	that	relies	on	experimental	evidences	and	
literature	 precedents.	 We	 demonstrated	 the	 homogeneity	 of	 our	 catalytic	 system	 and	 the	
intermediacy	of	silyl	anion	intermediates.	Based	on	experimental	observations,	we	invoke	a	pathway	
different	 from	 generally	 proposed	 C-O	 bond	 oxidative	 addition	 to	 low	 valent	 Ni	 species.	 Our	
mechanistic	proposal	is	based	on	the	formation	of	Ni(0)-Si	ate-complexes	with	may	be	involved	in	a	K	
cation	assisted	C-O	bond	 cleavage	via	either	Ni	or	 Si	 nuclephilic	 attack	 to	 the	 ipso	 C-OMe	position.	
Further	 experimental	 evidences	 and	 theoretical	 studies	 are	 required	 in	 order	 to	 confirm	 the	
formation	of	the	proposed	nickelate	complex	and	elucidate	the	activation	mode	of	the	C-OMe	bond,	
which	may	contribute	 to	 improve	 the	efficiency	and	applicability	of	our	 transformation,	 specially	 in	
therms	of	functional	group	tolerance.	However,	there	is	no	doubt	that	this	novel	transformation	and	
the	unclassical	mechanistic	proposal	will	 open	up	new	vistas	 in	 the	 relatively	unexplored	C-O	bond	
cleavage	field.	
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4.4.	Experimentan	Procedure	
	
4.4.1.	General	Considerations	
	
Reagents.	 Commercially	 available	 materials	 were	 used	 without	 further	 purification.	 Ni(COD)2	 was	
purchased	 from	Strem	Chemicals.	Sublimed	grade	KOtBu,	used	 for	 the	HTE	screening,	was	acquired	
from	 Aldrich	 and	 standard	 grade	 KOtBu,	 used	 for	 the	 scope,	 from	 Aldrich.	 KOtBu	 was	 stored	 in	 a	
nitrogen-filled	glove	box.	PhMe2SiBpin	(xx)	was	purchased	from	Frontier	Scientific,	Inc.	and	used	after	
after	purification	by	column	chromatography	Hexanes	 :EtOAc	10:1	 in	order	to	remove	the	traces	of	
PhMe2SiOBpin	 that	contains.	Hexaethyldisilane	 (xx)	was	purchased	 from	Aldrich.	Silylboranes	xx,	 xx	
and	 xx	 were	 prepared	 according	 to	 known	 literature	 procedures,111	with	 slight	 modifications.1122	
Methyl	 ethers	 1a,	 1e,	 1o,	 1t,	 4a,	 4c,	 4d,	 4e,	 4f,	 4h,	 and	 dibenzofurane	 were	 purchased	 from	
commercial	 suppliers	 and	 used	 as	 received.	 Anhydrous	 and	 degassed	 toluene	was	 purchased	 from	
Alfa	 Aesar.	 Flash	 column	 chromatography	 was	 performed	 with	 EM	 Science	 silica	 gel	 60	 (230-400	
mesh).	Thin	layer	chromatography	was	carried	out	using	Merck	TLC	Silica	gel	60	F254	and	visualized	by	
short-wavelength	 ultraviolet	 light	 as	 well	 as	 by	 treatment	 with	 potassium	 permanganate	 (KMnO4)	
stain.	 	
	
	Analytical	methods.	1H	NMR	and	13C	NMR	spectra	and	melting	points	(where	applicable)	are	included	
for	all	compounds.	1H	NMR	and	13C	NMR	spectra	were	recorded	on	a	Bruker	300,	400	or	500	MHz	at	
20	 ºC.	 All	 1H	 NMR	 spectra	 are	 reported	 in	 parts	 per	 million	 (ppm)	 downfield	 of	 TMS	 and	 were	
measured	 relative	 to	 the	 signals	 for	 CHCl3	 (7.26	 ppm).	 All	 13C	 NMR	 spectra	were	 reported	 in	 ppm	
relative	to	residual	CHCl3	(77.2	ppm)	and	were	obtained	with	1H	decoupling.	Coupling	constants,	J,	are	
reported	in	hertz	(Hz).	Melting	points	were	measured	using	open	glass	capillaries	in	a	Mettler	Toledo	
MP70	 apparatus.	 Gas	 chromatographic	 analyses	 were	 performed	 on	 Hewlett-Packard	 6890	 gas	
chromatography	 instrument	with	a	FID	detector.	The	yields	 reported	throughout	Chapter	6	refer	 to	
isolated	yields	and	represent	an	average	of	at	least	two	independent	runs.	The	procedures	described	
in	this	section	are	representative.	Thus,	the	yields	may	differ	slightly	from	those	given	 in	Chapter	6.	
Yield	of	5a	correspond	to	GC	yields	and	represent	an	average	of	at	least	two	independent	runs.	
	 	
																																																								
111	Boebel,	T.	A.;	Hartwig,	J.	F.	Organometallics	2008,	27,	6013.		
112	Purification:	short-path	distillation	(59	°C,	120	mtorr)	followed	by	column	chromatography	Hexanes:EtOAc	10:1	(for	
removing	the	excess	of	B2pin2).	
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4.3.2.	Optimization	Details	
	
General	Considerations	for	the	Microscale	High-Throughput	Experimentation	Screening.		
The	 set-up	 of	 the	 reactions	was	 carried	 out	 in	 an	MBraun	 glovebox	 operating	with	 a	 constant	 N2-
purge	 (oxygen	 typically	 <5	ppm).	 The	experimental	 design	was	 accomplished	using	Accelrys	 Library	
Studio.		Screening	reactions	were	carried	out	in	1	mL	glass	vials	(30	mm	height	×	8	mm	diameter)	in	a	
96-well	 plate	 aluminum	 reactor	 block	 (Analytical	 Sales	 &	 Services®)	 (see	 photos	 below).	 Liquid	
chemicals	were	 dosed	 using	multi-channel	 or	 single-channel	 pipettes.	 	 Solid	 chemicals	were	 dosed	
manually	as	solutions	or	slurries	in	appropriate	solvents.		Undesired	additional	solvent	was	removed	
using	 a	GeneVac	 system	 located	 inside	 the	 glovebox.	 	 The	 reactions	were	 heated	 and	 stirred	 on	 a	
heating	 block	 with	 a	 tumble-stirrer	 (V&P	 Scientific)	 using	 1.98	 mm	 diameter	 ×	 4.80	 mm	 length	
parylene	stir	bars.	 	The	tumble	stirring	mechanism	helped	to	 insure	uniform	stirring	throughout	the	
96-well	plate.		
	
														 	
	
General	Procedure	(Base	screening	as	example).	
Stock	 solutions:	 2-methoxynaphthalene	 in	 THF	 (0.15	 M),	 base	 in	 THF	 (0.1	 M	 or	 as	 a	 slurry	 25-50	
mg/mL),	PCy3	in	THF	(0.1	M),	Ni(COD)2	in	toluene	(0.03	M)	and	Biphenyl/HOAc	in	acetonitrile	(30	μmol	
biphenyl,	66	μmol	HOAc	and	300	μL	MeCN).	
Set	up:	Experiments	were	set	up	inside	a	glovebox	under	a	nitrogen	atmosphere.	A	96-well	aluminum	
block	containing	glass	vials	(1	mL)	were	pre-dosed	with	2-methoxynaphthalene	(30	μmol)	and	PCy3	(6	
μmol)	 in	 each	 vial	 by	means	 of	 an	 300	 μL	 Eppendorf	multi-channel	 pipette.	 After	 the	 solvent	was	
removed	to	dryness	using	a	GeneVac,	base	was	added	and	the	solvent	was	removed	once	again	using	
a	 GeneVac.	 Parylene	 stir	 bar,	 Et3SiBpin	 (36	 μmol)	 and	 a	 freshly	 prepared	 solution	 of	 a	 Ni(COD)2	 in	
toluene	 (3	 μmol)	was	 added	 to	 each	 reaction	 vial.	 Them,	 the	 96-well	 plate	was	 sealed	 and	 stirred	
outside	the	glovebox	for	16	h	at	120	ºC.	
Work	up:	The	plate	was	cooled	to	room	temperature,	opened	to	air	and	a	solution	of	biphenyl/HOAc	
in	MeCN	was	syringed	 into	each	vial.	To	ensure	proper	homogenization,	 the	plate	was	closed	again	
and	vigorously	shaken.	Sedimentation	of	heterogeneous	mixtures	was	enforced	by	centrifugation	of	
the	plate	for	30	minutes.	By	using	a	20	μL	multi-channel	pipette,	portions	of	each	reaction	mixture	(8	
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μL)	were	 transferred	 into	a	96-well	 LC	plate	pre-filled	with	600	μL	of	MeCN.	The	LC	plate	was	 then	
sealed	with	a	silicon-rubber	mat	and	mounted	on	an	automated	UPLC-PDA	instrument	for	analysis.		
4.4.3.	Synthesis	of	Starting	Materials	
	
Previously	 reported	 methods	 for	 the	 preparation	 of	 compounds	 1u,113	4b114	and	 4g115	have	 been	
followed.	 Not	 commercially	 available	 methyl	 ethers	 1k,	 1l,	 1p,	 1q	 and	 1r	 were	 prepared	 via	
methylation	 reaction	of	 the	 commercial	 precursor	 in	 the	presence	of	MeI	 (1.5	equiv)	 and	NaH	 (1.5	
equiv)	in	THF	at	room	temperature	for	16	h.	The	rest	of	the	substrates	were	synthesized	as	specified	
below.	
3-(6-Methoxynaphthalen-2-yl)propan-1-ol	(11a).	A	solution	of	6-methoxy-2-naphthaldehyde	(4.66	g,	
25	mmol)	and	methyl	(triphenylphosphoranylidene)acetate	(11.7	g,	1.4	equiv.)	in	DCM	(100	mL)	was	
stirred		in	a	argon	purged	250	mL	round-bottom	flask	at	room	temperature	for	24	h.	After	that	time,	
the	crude	mixture	was	absorbed	on	silica	gel	and	filtered	over	a	pad	of	silica	gel	(150	g)	employing	a	
mixture	of	Hexane/EtOAc	3:1	as	eluent.	The	white	solid	obtained	(5.7	g)	was	employed	for	the	next	
step	without	 further	characterization.	 In	a	 two-necked	250	mL	round-bottom	flask	equipped	with	a	
condenser	 and	 vacuumed	and	 refilled	with	 argon	 three	 times,	 the	previously	 synthesized	 solid	 and	
NaBH4	(5.67	g,	6	equiv.)	was	suspended	in	THF	(100	mL).	While	heating	the	suspension	up	to	55	ºC,	
methanol	(18	mL)	was	added	dropwise	over	a	time	period	of	30	minutes.	After	stirring	the	mixture	at	
that	 temperature	 for	 further	 6	 h,	 the	 reaction	was	 quenched	with	 ice	 and	 an	 aqueous	 solution	 of	
NaOH	(40	mL,	5	M).	The	organic	phase	was	extracted	with	DCM	(50	mL	x	3)	and	combined	organic	
layers	were	washed	with	a	saturated	aqueous	solution	of	NH4Cl	(50	mL)	and	brine	(50	mL),	dried	over	
MgSO4,	 and	 concentrated	 under	 reduced	 pressure.	 The	 crude	 reaction	 mixture	 was	 purified	 by	
column	 chromatography	 on	 silica	 gel	 (Hexane/EtOAc	 4:1)	 providing	 11a	 as	 a	 white	 solid	 in	 95	 %	
overall	yield	(5.14	g).	Mp	100-102	ºC.	1H	NMR	(300	MHz,	CDCl3):	δ	δ	7.68	(d,	J	=	8.2	Hz,	2H),	7.57	(s,	
1H),	7.32	(d,	J	=	8.2	Hz,	1H),	7.15-7.15	(m,	2H),	3.92	(s,	3H),	3.71	(s,	2H),	2.85	(t,	J	=	7.7	Hz,	2H),	2.10-
1.77	(m,	2H),	1.39	(s,	1H)	ppm.	13C	NMR	(75	MHz,	CDCl3):	δ	157.3,	137.1,	133.1,	129.	2,	129.0,	127.9,	
127.0,	 126.4,	 118.9,	 105.8,	 62.4,	 55.4,	 34.3,	 32.1	 ppm.	 Spectroscopic	 data	 for	 11a	 match	 those	
previously	reported	in	the	literature.116	
	 	
																																																								
113	Brown,	C.	E.;	McNulty,	J.;	Bordón,	C.;	Yolken,	R.;	Jones-Brando,	L.	Org.	Biomol.	Chem.	2016,	14,	5951.	
114	Zao,	Y.;	Snieckus,	V.	Org.	Lett.	2014,	16,	390.	
115	Bartoli,	G.;	Bosco,	M.;	Carlone,	A.;	Palpozzo,	R.;	Locatelli,	M.;	Melchiorre,	P.;	Sambri,	L.	J.	Org.	Chem.	2006,	71,	9580.	
116	Morimoto,t.;	Fujii,	T.;	Miyoshi,	K.;	Makado,	G.;	Tanimoto,	H.;	Nishiyama,	Y.;	Kakiuchi,	K.	Org.	Biomol.	Chem.	2015,	13,	
4632.	
OMe
OHC
1. MeO2C PPh3
DCM, rt, 24 h
2.   NaBH4 (6 equiv.), MeOH
OMeHO
(1.4 equiv.)
THF, 55 ˚C, 6 h
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2-Methoxy-6-(3-methoxypropyl)naphthalene	 (1f).	 The	 title	 compound	 was	 prepared	 adding	
dropwise	a	solution	of	11a	(1.08	g,	5	mmol)	in	anhydrous	THF	(20	mL)	to	a	solution	NaH	(240	mg,	1.2	
equiv.,	60%	in	mineral	oil)	in	THF	(20	mL)	at	0	ºC.	Then	MeI	(0.44	mL,	1.4	equiv.)	was	added	at	0	ºC.	
After	stirring	the	mixture	at	room	temperature	for	16	h,	the	reaction	was	quenched	with	H2O	(20	mL)	
and	 the	 aqueous	 layer	 was	 washed	 with	 Et2O	 (20	 mL	 x	 2).	 The	 combined	 organic	 fractions	 were	
washed	with	a	saturated	aqueous	solution	of	NH4Cl	(20	mL)	and	brine	(20	mL),	dried	over	MgSO4,	and	
concentrated	 under	 reduced	 pressure.	 The	 crude	 reaction	 mixture	 was	 purified	 by	 column	
chromatography	on	silica	gel	(Hexane/EtOAc	9:1)	providing	1f	as	colorless	oil	in	96%	yield	(1.10	g).	Mp	
33-35	ºC.	1H	NMR	(300	MHz,	CDCl3):	δ	7.73-7.63	(m,	2H),	7.59-7.53	(m,	1H),	7.31	(dd,	J	=	8.3,	1.8	Hz,	
1H),	7.18-7.06	(m,	2H),	3.92	(s,	3H),	3.42	(t,	J	=	6.6	Hz,	2H),	3.36	(s,	3H),	2.83	(dd,	J	=	8.5,	6.6	Hz,	2H),	
2.11-1.86	(m,	2H).	13C	NMR	(75	MHz,	CDCl3):	δ	157.3,	137.3,	133.1,	129.2,	129.0,	128.0,	126.9,	126.5,	
118.8,	105.8,	72.1,	58.7,	55.42,	32.4,	31.4.	IR	(neat,	cm-1):	2934,	2865,	1634,	1605,	1505,	1483,	1461,	
1389,	1264,	1228,	1173,	1115,	1031,	890,	850,	809.	HRMS	(ESI)	[C15H18NaO2]	(M+Na)	calcd.	253.1204,	
found	253.1195.	
	
	
	
Triisopropyl(3-(6-methoxynaphthalen-2-yl)propoxy)silane	 (1g).	 The	 title	 compound	 was	 prepared	
adding	dropwise	a	solution	of	11a	(1.08	g,	5	mmol)	in	anhydrous	THF	(20	mL)	to	a	solution	NaH	(240	
mg,	1.2	equiv.,	60%	in	mineral	oil)	in	THF	(20	mL)	at	0	ºC.	Then	TIPSCl	(1.48	mL,	1.4	equiv.)	was	added	
at	0	ºC	and	the	reaction	was	stirred	at	room	temperature	for	16	h.	After	stirring	the	mixture	at	room	
temperature	 for	 16	 h,	 the	 reaction	 was	 quenched	 with	 H2O	 (20	 mL)	 and	 the	 aqueous	 layer	 was	
washed	with	Et2O	(20	mL	x	2).	The	combined	organic	fractions	were	washed	with	a	saturated	aqueous	
solution	 of	 NH4Cl	 (20	mL)	 and	 brine	 (20	mL),	 dried	 over	MgSO4,	 and	 concentrated	 under	 reduced	
pressure.	 The	 crude	 reaction	 mixture	 was	 purified	 by	 column	 chromatography	 on	 silica	 gel	
(Hexane/EtOAc	9:1)	providing	1g	as	colorless	oil	 in	94%	yield	 (1.75	g).	 1H	NMR	 (300	MHz,	CDCl3):	δ	
7.67	(d,	J	=	9.3	Hz,	2H),	7.61-7.54	(m,	1H),	7.32	(dd,	J	=	8.4,	1.7	Hz,	1H),	7.18-7.08	(m,	2H),	3.92	(s,	3H),	
3.75	 (t,	 J	=	6.3	Hz,	2H),	2.87-2.82	 (m,	2H),	2.02-1.86	 (m,	2H),	1.15-1.01	 (m,	21H)	ppm.	 13C	NMR	(75	
MHz,	CDCl3):	δ	157.2,	137.7,	133.0,	129.3,	129.0,	128.1,	126.8,	126.4,	118.7,	105.8,	77.6,	77.2,	76.7,	
62.7,	 55.4,	 34.8,	 32.2,	 18.2,	 12.2	 ppm.	 IR	 (neat,	 cm-1):	 2940,	 2864,	 1607,	 1462,	 1390,	 1264,	 1229,	
1101,	1035,	881,	849,	808,	678.	HRMS	(ESI)	[C23H36NaO2Si]	(M+Na)	calcd.	395.2382,	found	395.2366.	
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Tert-butyl(3-(6-methoxynaphthalen-2-yl)propyl)sulfane	 (1h).	 A	 solution	 of	 11a	 (2.16	 g,	 10	 mmol),	
PPh3	(4.20	g,	1.6	equiv.)	and	CBr4	(4.31	g,	1.3	equiv.)	in	DCM	(20	mL)	was	stirred	at	room	temperature	
for	 16	 h.	 After	 that	 time,	 the	 solvent	 was	 removed	 and	 the	 crude	 mixture	 was	 purified	 by	 flash	
chromatography	on	silica	gel	(Hexane/EtOAc	10:1)	yielding	2.79	g	of	a	white	solid,	which	was	used	in	
the	next	step	without	further	characterization.	The	isolated	solid	was	heated	together	with	K2CO3	(2.2	
g,	1.5	equiv.)	and	 tert-butyl	 thiol	 (1.35	mL,	1.2	equiv.)	 in	DMF	 (25	mL)	at	50	ºC	 for	16	h.	Then,	 the	
reaction	mixture	was	sparged	with	nitrogen	gas	until	 the	sulfur	odor	diminished.	Then	 the	 reaction	
was	quenched	with	an	aqueous	solution	of	NaOH	(20	mL,	5	M)	and	the	organic	phase	was	extracted	
with	DCM	(20	mL	x	3)	and	combined	organic	layers	were	washed	with	a	saturated	aqueous	solution	of	
NH4Cl	(50	mL)	and	brine	(50	mL),	dried	over	MgSO4,	and	concentrated	under	reduced	pressure.	The	
crude	reaction	mixture	was	purified	by	column	chromatography	on	silica	gel	(DCM)	providing	1h	as	a	
white	solid	in	92%	overall	yield	(2.68	g).	Mp	68-69	ºC.	1H	NMR	(300	MHz,	CDCl3):	δ	7.68	(d,	J	=	8.4	Hz,	
2H),	7.57	(s,	1H),	7.31	(dd,	J	=	8.4,	1.7	Hz,	1H),	7.13	(d,	J	=	7.7	Hz,	2H),	3.92	(s,	3H),	2.87	(t,	J	=	7.5	Hz,	
2H),	2.58	 (t,	 J	 =	7.3	Hz,	2H),	1.99	 (p,	 J	 =	7.4	Hz,	2H),	1.33	 (s,	9H)	ppm.	 13C	NMR	 (75	MHz,	CDCl3):	δ	
157.3,	136.9,	133.1,	129.2,	129.0,	127.9,	126.9,	126.5,	118.8,	105.8,	55.4,	42.1,	35.2,	31.5,	31.2,	27.8	
ppm.	IR	(neat,	cm-1):	2959,	2939,	2589,	1632,	1604,	1504,	1482,	1454,	1391,	1363,	1263,	1226,	1159,	
1119,	1028,	851,	816.	HRMS	(ESI)	[C18H24NaOS]	(M+Na)	calcd.,	found	311.1440.	
	
	
2-Methoxy-6-(2-methylprop-1-en-1-yl)naphthalene	 (1j).	An	oven-dried	100	mL	 round-bottom	 flask,	
containing	a	magnetic	stir	bar,	was	charged	with	 isopropyltriphenylphosphonium	iodide	(3.46	g,	1.3	
equiv.)	and	sealed	with	a	septum.		The	flask	was	charged	with	vacuumed	and	refilled	with	argon	three	
times	before	THF	(30	mL)	was	added.	Then,	a	solution	of	nBuLi	(2.8	mL,	1.2	equiv.,	2.5	M	in	hexanes)	
was	slowly	added	at	room	temperature.	After	1	h,	2-methoxy-6-naphthaldeyde	(1.12	g,	6	mmol)	was	
added	quickly	in	one	portion	and	the	reaction	under	a	positive	ressure	of	argon	abd	the	mixture	was	
stirred	 for	 further	 5	 h.	 The	 reaction	 was	 quenched	 by	 addition	 of	 silica	 gel	 and	 the	 solvent	 was	
removed	under	vacuum.	Flash	column	chromatography	purification	on	silica	gel	(Hexane/EtOAc	15:1)	
afforded	1j	as	a	white	solid	(1.13	g,	89%).	Mp	95–96	ºC.		1H	NMR	(300	MHz,	CDCl3):	δ	7.69	(dd,	J	=	8.9,	
5.5	Hz,	2H),	7.62-7.57	(m,	1H),	7.35	(dd,	J	=	8.5,	1.8	Hz,	1H),	7.13	(d,	J	=	8.0	Hz,	2H),	6.40	(s,	1H),	3.92	
(s,	3H),	1.96	(d,	J	=	1.5	Hz,	1H),	1.94	(d,	J	=	1.4	Hz,	1H)	ppm.	13C	NMR	(75	MHz,	CDCl3):	δ	157.5,	135.5,	
134.2,	133.0,	129.4,	129.0,	128.2,	127.1,	126.4,	125.3,	118.8,	105.8,	55.5,	27.1,	19.7	ppm.	IR	(neat,	cm-
1):	3006,	2966,	2903,	2851,	2722,	1626,	1590,	1480,	1460,	1393,	1327,	1268,	1239,	1197,	1160,	1027,	
931,	895,	858,	815,	662.	HRMS	(APCI)	[C15H17O]	(M+H)	calcd.	213.1279,	found	213.1272.	
OMeOMe
OHC THF, rt, 7 h
iPrPPh3Br (1.3 equiv.)
nBuLi (1.2 equiv.)
1. PPh3 (1.6 equiv.)
OMetBuSOMeHO CBr4 (1.3 equiv.), DCM, rt, 16 h
2. tBuSH (1.2 equiv.)
K2CO3 (1.5 equiv.), DMF, 50 ºC, 16 h
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
		
	
4-(6-methoxynaphthalen-2-yl)morpholine	 (1m).	 A	 10	 mL	 round-bottom	 flask	 solution	 with	 a	
magnetic	stir	bar	was	charged	with	2-bromo-6-methoxynaphthalene	(1.12	g,	5	mmol),	Pd(OAc)2	(11.5	
mg,	5	mol%)	and	XPhos	 (47.7	mg,	10	mol%).	The	 flask	was	 introduced	 in	a	nitrogen-filled	glovebox	
and	NaOtBu	 (673	mg,	 1.4	 equiv.)	 and	 toluene	 (6	mL)	were	 added	 and	 the	 flask	was	 sealed	with	 a	
septum	and	taken	out	from	the	glovebox.	Then,	morpholine	(262	μL,	1.2	equiv.)	was	added	under	a	
positive	pressure	of	argon,	and	after	heating	the	reaction	mixture	for	24	h	at	110	ºC,	 it	was	filtered	
through	a	pad	of	celite.	The	solvent	was	removed	under	reduced	pressure	and	the	reaction	crude	was	
purified	by	flash	column	chromatography	on	silica	gel	providing	1m	as	a	white	solid	in	96%	(1.17	g).	
Mp	155-157	ºC.	1H	NMR	(500	MHz,	Chloroform-d):	δ	7.68–7.60	(m,	2H),	7.24	(dd,	J	=	9.0,	2.5	Hz,	1H),	
7.14–7.06	(m,	3H),	3.95–3.90	(m,	4H),	3.90	(s,	3H),	3.26–3.20	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	
δ	 156.6,	 148.0,	 130.2,	 130.0,	 128.7,	 128.0,	 120.0,	 119.3,	 111.1,	 106.2,	 67.4,	 55.7,	 50.6	 ppm	 IR.	
HRMS(ESI)	[C15H18NO2]	(M+H)	calcd.	244.1338,	found	244.1325.	
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4.4.4.	General	procedure	for	C(sp2)-	and	C(sp3)O-Me	Silylation	
	
	
General	Procedure	A	 (Triethyl(naphthalen-2-yl)silane	3a	 is	used	as	an	example).	An	oven-dried	15	
mL	screw-capped	test	tube	containing	a	stirring	bar	was	charged	with	1a	(39.6	mg,	0.25	mmol).	The	
test	tube	was	introduced	in	an	nitrogen-filled	glovebox	where	25	μL	of	a	freshly	prepared	solution	of	
Ni(COD)2	in	toluene	(0.1	M,	1mol	%),	2a	(93	μL,	1.3	equiv.),	KOtBu	(61.7	mg,	2.2	equiv.)	and	toluene	
(1.25	 mL)	 were	 then	 added	 sequentially.	 The	 tube	 with	 the	 mixture	 was	 taken	 out	 closed	 of	 the	
glovebox	and	stirred	at	room	temperature	(25–30	ºC)	for	1.5	h.	In	the	first	three	minutes	the	reaction	
mixture	 turned	deep	brown	and	after	30	minutes	 the	mixture	remained	deep	red	until	 completion.	
The	mixture	was	then	diluted	with	EtOAc	(5	mL)	and	the	reaction	crude	was	then	concentrated	and	
purified	by	column	chromatography	on	silica	gel	(Hexanes)	to	yield	the	title	product	3a	as	a	colorless	
oil	 in	91%	yield	 (55.0	mg).	Rf	0.65	 (Hexanes).	 1H	NMR	 (400	MHz,	CDCl3):	δ	8.01	 (d,	 J	 =	1.0	Hz,	1H),	
7.92–7.80	(m,	3H),	7.59	(dd,	J	=	8.2,	1.3	Hz,	1H),	7.54–7.46	(m,	2H),	1.06–0.98	(m,	9H),	0.94–0.86	(m,	
6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	135.1,	134.9,	133.8,	133.1,	130.7,	128.2,	127.8,	126.9,	126.3,	
125.9,	7.6,	3.6	ppm.	Spectroscopic	data	for	3a	match	those	previously	reported	in	the	literature.	117	
	
	
Dimethyl(naphthalen-2-yl)(phenyl)silane	(3b).	Following	the	general	procedure	A,	using	1a	(39.6	mg,	
0.25	mmol),	10	mol%	Ni(COD)2	(6.9	mg),	2b	(89	μL,	1.3	equiv.)	at	95	ºC	for	16	h;	and	purification	by	
column	chromatography	on	silica	gel	(Hexanes)	afforded	3b	as	a	colorless	oil	in	54%	yield	(35.4	mg).	Rf	
0.56	(Hexanes).	1H	NMR	(300	MHz,	CDCl3):	δ	8.13	(s,	1H),	7.98-7.84	(m,	3H),	7.77-7.64	(m,	3H),	7.61-
7.54	(m,	2H),	7.51-7.40	(m,	3H),	0.73	(s,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	138.3,	135.8,	135.0,	
134.4,	133.9,	133.1,	130.5,	129.3,	128.2,	128.0,	127.9,	127.2,	126.6,	126.1,	 -2.2	ppm.	Spectroscopic	
data	for	3b	match	those	previously	reported	in	the	literature.118	
	
	
	
Tert-butyldimethyl(naphthalen-2-yl)silane	 (3c).	 Following	 the	 general	 procedure	 A,	 using	 1a	 (39.6	
mg,	 0.25	 mmol),	 Ni(COD)2	 (6.9	 mg,	 10	 mol%),	 2c	 (78.7	 mg,	 1.3	 equiv.)	 at	 95	 ºC	 for	 16	 h;	 and	
purification	 by	 column	 chromatography	on	 silica	 gel	 (Hexanes)	 afforded	3c	 as	 a	white	 solid	 in	 62%	
yield	 (37.6	mg).	Rf	0.69	(Hexanes).	 1H	NMR	(400	MHz,	CDCl3):	δ	8.00	(s,	1H),	7.91-7.77	(m,	3H),	7.60	
(dd,	J	=	8.2,	1.2	Hz,	1H),	7.52-7.45	(m,	2H),	0.92	(s,	9H),	0.37	(s,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	
135.5,	135.2,	133.7,	132.9,	131.1,	128.2,	127.8,	126.6,	126.3,	125.9,	26.7,	17.3,	-5.9	ppm.	IR	(neat,	cm-																																																								
117	Zarate,	C.;	Martin,	M.	J.	Am.	Chem.	Soc.	2014,	136,	2236.	
118	Tobisu,	M.;	Kita,	Y.;	Chatani,	N.	J.	Am.	Chem.	Soc.	2006,	128,	8152.	
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1):	 2949,	 2925,	 2852,	 1253,	 1247,	 1084,	 800,	 762,	 741,	 673,	 477.	 HRMS(ESI)	 [C16H22Si]	 (M+)	 calcd.	
242.1491,	found	242.1494.		
	
	
	
Naphthalen-2-yltripropylsilane	 (3d).	 Following	 the	 general	 procedure	 A,	 using	 1a	 (39.6	 mg,	 0.25	
mmol),	Ni(COD)2	 (6.9	mg,	10	mol%),	2d	 (78.8	mg,	1.3	equiv.)	at	95	ºC	 for	16	h;	 	and	purification	by	
column	chromatography	on	silica	gel	(Hexanes)	afforded	3d	as	a	colorless	oil	in	47%	yield	(33.4	mg).	Rf	
0.63	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	8.00	(s,	1H),	7.89-7.81	(m,	3H),	7.60	(d,	J	=	8.1	Hz,	1H),	
7.50	(dt,	J	=	6.2,	3.5	Hz,	2H),	1.50-1.35	(m,	6H),	1.01	(t,	J	=	7.3	Hz,	9H),	0.95-0.87	(m,	6H)	ppm.	13C	NMR	
(126	MHz,	CDCl3):	δ	135.9,	134.8,	133.7,	133.1,	130.7,	130.7,	128.2,	127.8,	126.8,	126.2,	125.9,	18.7,	
17.6,	15.5	ppm.	IR	(neat,	cm-1):	2953,	1083,	1063,	813,	739,	699,	474.	HRMS(ESI)	[C19H28Si]	(M+)	calcd.	
284.1960,	found	284.1958.	
	
	
	
Triethyl(naphthalen-1-yl)silane	(3e).	Following	the	general	procedure	A,	using	1e	(36	μL,	0.25	mmol)	
at	40	ºC	for	16	h,	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	3e	as	a	
colorless	oil	 in	75%	yield	(95	mg).	Rf	0.68	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	8.21-8.11	(m,	1H),	
7.94-7.84	(m,	2H),	7.73	(dd,	J	=	6.8,	1.3	Hz,	1H),	7.58-7.46	(m,	3H),	1.12-1.01	(m,	15H)	ppm.	13C	NMR	
(126	MHz,	CDCl3):	δ	137.7,	135.3,	134.6,	133.6,	129.7,	129.2,	128.0,	125.6,	125.4,	125.2,	7.8,	4.7	ppm.	
Spectroscopic	data	for	3e	match	those	previously	reported	in	the	literature.119	
	
	
	
Triethyl(6-(3-methoxypropyl)naphthalen-2-yl)silane	(3f).	Following	the	general	procedure	A,	using	1f	
(57.6	 mg,	 0.25	 mmol)	 and	 Ni(COD)2	 (3.5	 mg,	 5	 mol%)	 for	 16	 h;	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Pentane/Et2O	25:1)	afforded	3f	as	a	colorless	oil	in	94%	yield	(73.6	mg).	
Rf	0.28	(Hex/EtOAc	10:1).	1H	NMR	(400	MHz,	CDCl3):	δ	8.01	(s,	1H),	7.81	(t,	J	=	8.1	Hz,	2H),	7.66	(s,	1H),	
7.60	(dd,	J	=	8.1,	1.2	Hz,	1H),	7.39	(dd,	J	=	8.4,	1.7	Hz,	1H),	3.46	(t,	J	=	6.4	Hz,	2H),	3.40	(s,	3H),	2.90	(m,	
2H),	2.14-1.91	(m,	2H),	1.12-1.01	(m,	9H),	1.00-0.86	(m,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	140.0,	
134.7,	134.1,	134.0,	131.7,	130.8,	128.1,	127.4,	126.5,	126.4,	72.0,	58.7,	32.6,	31.3,	7.6,	3.6,	3.3	ppm.	
IR	(neat,	cm-1):	3043,	2951,	2872,	1457,	1384,	1237,	1118,	1084,	1008,	963,	890,	817,	718.	HRMS	(ESI)	
(M+Na)	[C20H30NaOSi]	calcd.	337.1964,	found	337.1957.		
	
	
																																																								
119	Yamanoi,	Y.;	Nishihara,	H.	Tetrahedron	Lett.	2006,	47,	7157.	
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Triethyl(6-(3-((triisopropylsilyl)oxy)propyl)naphthalen-2-yl)silane	 (3g).	 Following	 the	 general	
procedure	A	using	1g	(93.2	mg,	0.25	mmol)	and	Ni(COD)2	(3.5	mg,	5	mol%)	for	16	h;	and	purification	
by	column	chromatography	on	silica	gel	 (Hexanes/EtOAc	50:1)	afforded	3g	 as	a	colorless	oil	 in	68%	
yield	(77.7	mg).	Rf	0.80	(Hex/EtOAc	20:1).	1H	NMR	(400	MHz,	CDCl3):	δ	8.00	(s,	1H),	7.85–7.74	(m,	2H),	
7.67	(s,	1H),	7.59	(dd,	J	=	8.1,	1.2	Hz,	1H),	7.41	(dd,	J	=	8.3,	1.7	Hz,	1H),	3.81	(t,	J	=	6.2	Hz,	2H),	2.93	(dd,	
J	=	8.7,	6.7	Hz,	2H),	2.16–1.89	(m,	2H),	1.21–1.11	(m,	21H),	1.10	–	1.02	(m,	9H),	0.98	–	0.89	(m,	6H)	
ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	140.5,	134.7,	134.0,	134.0,	131.7,	130.8,	128.1,	127.6,	126.5,	126.4,	
62.7,	34.8,	32.5,	18.2,	12.2,	7.6,	3.6	ppm.	IR	(neat,	cm-1):	2943,	2865,	1461,	1328,	1238,	1103,	1011,	
882,	815,	718,	678.	HRMS	(ESI)	[C28H48NaOSi2]	(M+Na)	calcd.	479.3141,	found	479.3145.	
	
	
	
(6-(3-(Tert-butylthio)propyl)naphthalen-2-yl)triethylsilane	 (3h).	 Following	 the	 general	 procedure	A	
using	1h	 (72.1	mg,	0.25	mmol)	and	Ni(COD)2	 (3.5	mg,	5	mol%)	 for	16	h;	and	purification	by	column	
chromatography	on	silica	gel	 (Hexanes/EtOAc	50:1)	afforded	3h	as	a	colorless	oil	 in	78%	yield	 (72.8	
mg).	Rf	0.64	(Hex/EtOAc	20:1).	1H	NMR	(400	MHz,	CDCl3):	δ	7.96	(s,	1H),	7.78	(t,	J	=	8.3	Hz,	2H),	7.63	(s,	
1H),	7.56	(dd,	J	=	8.1,	1.2	Hz,	1H),	7.35	(dd,	J	=	8.3,	1.7	Hz,	1H),	2.91	(t,	J	=	7.5	Hz,	2H),	2.59	(t,	J	=	7.3	
Hz,	2H),	2.01	(p,	J	=	7.3	Hz,	2H),	1.34	(s,	9H),	1.07-0.98	(m,	9H),	0.96-0.85	(m,	6H)	ppm.	13C	NMR	(101	
MHz,	 CDCl3):	 δ	 139.7,	 134.7,	 134.2,	 133.9,	 131.7,	 130.8,	 128.2,	 127.4,	 126.5,	 42.1,	 35.4,	 31.5,	 31.2,	
27.8,	7.6,	3.6	ppm.	 IR	 (neat,	 cm-1):	2952,	2873,	1457,	1363,	1237,	1163,	1084,	1007,	886,	817,	717.	
HRMS		(ESI)	[C23H36NaSSi]	(M+Na)	calcd.	395.2199,	found	395.2191.	
	
	
	
Triethyl(3-methylnaphthalen-2-yl)silane	 (3i).	 Following	 the	 general	 procedure	A,	 using	1i	 (43.0	mg,	
0.25	mmol)	and	Ni(COD)2	(6.9	mg,	10	mol%)	for	2	h;	and	purification	by	column	chromatography	on	
silica	gel	 (Hexanes)	afforded	3i	 as	a	 colorless	oil	 in	58%	yield	 (25.0	mg).	Rf	 0.70	 (Hexanes).	 1H	NMR	
(400	MHz,	CDCl3):	δ	7.96	(s,	1H),	7.78	(ddd,	J	=	29.3,	7.7,	1.5	Hz,	2H),	7.61	(s,	1H),	7.49-7.40	(m,	2H),	
2.62	(s,	3H),	1.08-0.93	(m,	15H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	140.4,	136.6,	134.8,	134.1,	131.3,	
127.92,	127.3,	126.9,	126.5,	125.1,	23.4,	7.8,	4.3	ppm.	 IR	 (neat,	cm-1):	2952,	2873,	1457,	1016,	875,	
720,	691,	475.	HRMS	(ESI)	[C17H24Si]	(M+)	calcd.	256.1647	,	found	256.1654.	INCLUDE	HMBC	
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Triethyl(6-(2-methylprop-1-en-1-yl)naphthalen-2-yl)silane	 (3j).	 Following	 the	 general	 procedure	 A,	
using	1j	 (53.1	mg,	0.25	mmol)	and	Ni(COD)2	 (3.5	mg,	5	mol%)	 for	16	h;	 and	purification	by	 column	
chromatography	 on	 silica	 gel	 (Hexanes)	 afforded	 3j	 as	 a	 colorless	 oil	 in	 65%	 yield	 (48.2	 mg)	
(xx:isomerized	product	97:3,	I	would	not	say	that,	in	the	NMR	you	can	barely	see	the	isomer	and	it´s	
below	 the	 detection	 error	 of	NMR.	 I	would	 only	 say	 in	 the	 discussion	 of	 the	 paper	 that	 FP	with	
reduced	double	bond	was	 isolated	 in	11%).	Rf	0.68	(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.97	(s,	
1H),	7.79	(dd,	J	=	8.3,	3.0	Hz,	2H),	7.67	(s,	1H),	7.57	(dd,	J	=	8.1,	1.2	Hz,	1H),	7.39	(dd,	J	=	8.5,	1.7	Hz,	
1H),	6.45	(s,	1H),	1.99	(d,	J	=	1.5	Hz,	3H),	1.97	(d,	J	=	1.3	Hz,	3H),	1.07	–	0.99	(m,	9H),	0.95	–	0.86	(m,	
6H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	136.7,	136.2,	134.61,	134.5,	133.8,	131.5,	130.8,	127.7,	127.6,	
127.0,	 126.8,	 125.4,	 27.1,	 19.7,	 7.6,	 3.6	 ppm.	 IR	 (neat,	 cm-1):	 3043,	 2952,	 2908,	 2873,	 1456,	 1236,	
1084,	1006,	964,	893,	814,	704.	HRMS	(ESI)	[C20H28Si]	(M+)	calcd.	296.1966,	found	296.1960.	
	
	
	
9-methyl-2-(triethylsilyl)-9H-carbazole	 (3k).	 Following	 the	 general	 procedure	 A,	 using	1k	 (52.8	mg,	
0.25	mmol),	Ni(COD)2	(6.9	mg,	10	mol%),	2a	 (125	μL,	1.75	equiv.),	KOtBu	(126.2	mg,	4.5	equiv.)	and	
toluene	(0.75	mL)	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Hex/EtOAc	20:1)	
afforded	 3k	 as	 a	 colorless	 oil	 in	 60%	 yield	 (44.3	mg).	 Rf	 0.7	 (Hex/EtOAc	 10:1).	1H	 NMR	 (500	MHz,	
CDCl3):	δ	8.17–8.09	(m,	2H),	7.56	(s,	1H),	7.51	(ddd,	J	=	8.3,	7.1,	1.2	Hz,	1H),	7.41	(td,	J	=	8.1,	7.7,	1.3	
Hz,	2H),	7.30–7.20	(m,	2H),	3.90	(s,	3H),	1.11–1.01	(m,	9H),	0.94	(qd,	J	=	7.5,	7.0,	1.4	Hz,	6H)	ppm.	13C	
NMR	(126	MHz,	CDCl3):	δ	141.2,	140.8,	134.7,	126.0,	124.6,	123.5,	122.9,	120.5,	119.7,	118.9,	114.0,	
108.5,	29.1,	7.7,	3.9	ppm.	IR	(neat,	cm-1):	2951,	2908,	2872,	1442,	1415,	1320,	1247,	722,	704.	HRMS	
(ESI)	[C19H25NNaSi]	(M+Na)	calcd.	318.1654,	found	318.1638.	
	
	
	
N,N-dimethyl-7-(triethylsilyl)naphthalen-1-amine	 (3l).	 Following	 the	 general	 procedure	 A,	 using	 1l	
(50.3	mg,	0.25	mmol)	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Hex/EtOAc	
20:1)	 afforded	 3l	 as	 a	 brownish	 oil	 in	 98%	 yield	 (70.2	mg).	 Rf	 0.30	 (Hexanes).	 1H	 NMR	 (500	MHz,	
CDCl3):	δ	8.44	(s,	1H),	7.82	(d,	J	=	8.0	Hz,	1H),	7.59	(dd,	J	=	8.1,	1.2	Hz,	1H),	7.51	(d,	J	=	8.1	Hz,	1H),	7.41	
(t,	J	=	7.8	Hz,	1H),	7.07	(d,	J	=	7.4	Hz,	1H),	2.95	(s,	6H),	1.06	(t,	J	=	7.5	Hz,	9H),	0.99-0.90	(m,	6H)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	δ	151.0,	135.2,	133.9,	131.1,	130.6,	128.1,	127.3,	126.3,	122.6,	113.7,	45.3,	
7.7,	 3.7	 ppm.	 IR	 (neat,	 cm-1):	 2951,	 2873,	 1564,	 1007,	 826,	 732,	 718,	 706.	 HRMS	 (ESI)	 [C18H27NSi]	
(M+H)	calcd.	286.1991,	found	286.1980.	
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4-(6-(triethylsilyl)naphthalen-2-yl)morpholine	 (3m).	 Following	 the	 general	 procedure	 A,	 using	 1m	
(60.8	 mg,	 0.25	 mmol)	 and	 Ni(COD)2	 (6.9	 mg,	 10	 mol%)	 for	 6	 h;	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Hex/EtOAc	20:1)	afforded	3m	as	a	colorless	oil	in	95%	yield	(77.8	mg).	Rf	
0.60	(Hex/EtOAc	2:1).	1H	NMR	(500	MHz,	CDCl3):	δ	7.88	(s,	1H),	7.76	(d,	J	=	9.0	Hz,	1H),	7.69	(d,	J	=	8.1	
Hz,	1H),	7.52	(dd,	J	=	8.1,	1.2	Hz,	1H),	7.26	(dd,	J	=	9.0,	2.4	Hz,	1H),	3.96–3.90	(m,	3H),	3.30–3.24	(m,	
3H),	1.01	(t,	 J	=	7.8	Hz,	6H),	0.87	(qd,	 J	=	7.7,	1.3	Hz,	5H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	149.5,	
134.9,	134.5,	132.1,	131.4,	129.2,	128.5,	125.9,	118.9,	110.0,	67.1,	50.0,	7.6,	3.6	ppm.	IR	(neat,	cm-1):	
2953,	 2874,	 1625,	 1448,	 1207,	 1113,	 1086,	 726,	 700,	 682	 .	 HRMS	 (ESI)	 [C20H30NOSi]	 (M+H)	 calcd.	
328.2097,	found	328.2098.	
	
	
	
Triethyl(6-(trimethylsilyl)naphthalen-2-yl)silane	 (3n).	 Following	 the	 general	 procedure	A,	 using	 1n	
(57.6	 mg,	 0.25	 mmol),	 Ni(COD)2	 (6.9	 mg,	 10	 mol%)	 for	 6	 h;	 and	 purification	 by	 column	
chromatography	on	silica	gel	(Hexanes)	afforded	3n	as	a	colorless	oil	 in	87%	yield	(68.3	mg).	Rf	0.65	
(Hexanes).	1H	NMR	(500	MHz,	CDCl3):	δ	7.98	(dd,	J	=	13.4,	1.0	Hz,	2H),	7.82	(dd,	 J	=	8.1,	4.2	Hz,	2H),	
7.59	(ddd,	J	=	15.4,	8.1,	1.2	Hz,	2H),	1.02–0.97	(m,	9H),	0.92–0.84	(m,	6H),	0.35	(s,	9H)	ppm.	13C	NMR	
(126	MHz,	CDCl3):	138.5,	135.6,	134.8,	133.7,	133.2,	133.2,	130.8,	129.9,	127.1,	127.0,	7.6,	3.6,	 -0.9	
ppm.	IR	(neat,	cm-1):	3039,	2952,	2908,	2875,	1246,	1080,	885,	836,	818,	713.	HRMS	(ESI)	[C19H30Si2]	
(M+)	calcd.	314.1886,	found	314.1882.	
	
	
	
Triethyl(6-methoxynaphthalen-2-yl)silane	 (3oa).	 Following	 the	 general	 procedure	 A,	 using	1o	 (155	
mg,	 3.3	 equiv.),	 Ni(COD)2	 (6.9	 mg,	 10	 mol%),	 and	 2a	 (71	 μL,	 0.25	 mmol)	 at	 95	 ºC	 for	 16	 h;	 and	
purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	3oa	as	a	colorless	gum	in	60%	
yield	(40.7	mg).	Rf	0.39	(Hexanes).	1H	NMR	(300	MHz,	CDCl3):	δ	7.92	(d,	J	=	1.2	Hz,	1H),	7.75	(dd,	J	=	
8.2,	6.6	Hz,	2H),	7.55	(dd,	J	=	8.2,	1.2	Hz,	1H),	7.20-7.08	(m,	2H),	3.94	(s,	3H),	1.09-0.95	(m,	9H),	0.94-
0.79	 (m,	 6H)	 ppm.	 13C	 NMR	 (101	 MHz,	 CDCl3):	 δ	 158.04,	 134.96,	 134.67,	 132.18,	 131.40,	 129.73,	
128.78,	125.92,	118.70,	105.72,	55.45,	7.62,	3.62	ppm.	IR	(neat,	cm-1):	2952,	2873,	1626,	1475,	1262,	
1213,	 1161,	 1128,	 1086,	 1007,	 849,	 808,	 733.	 HRMS	 (ESI)	 [C17H24OSi]	 (M+)	 calcd.	 272.1596,	 found	
272.1606.	
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2,6-Bis(triethylsilyl)naphthalene	 (3ob).	 Following	 the	general	procedure	A,	using	1o	 (47.1	mg,	0.25	
mmol),	Ni(COD)2	(3.5	mg,	5	mol%),	2a	(185	μL,	2.6	equiv.),	and	KOtBu	(123.4	mg,	4.4	equiv.)	for	16	h;	
and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	3ob	as	a	colorless	oil	 in	
74%	yield	(65.7	mg).	Rf	0.79	(Hexanes).	1H	NMR	(300	MHz,	CDCl3):	δ	8.02	(s,	2H),	7.87	(d,	J	=	8.1	Hz,	
2H),	7.63	(dd,	J	=	8.0,	1.0	Hz,	2H),	1.12–1.00	(m,	18H),	0.99–0.90	(m,	12H)	ppm.	13C	NMR	(101	MHz,	
CDCl3):	 δ	 135.5,	 134.8,	 133.3,	 130.7,	 127.0,	 7.6,	 3.6	 ppm.	 Spectroscopic	 data	 for	 3ob	match	 those	
previously	reported	in	the	literature.120		
	
	
	
Triethyl(naphthalen-2-ylmethyl)silane	 (3p).	 Following	 the	 general	 procedure	 A,	using	1p	 (43.1	mg,	
0.25	mmol)	and	Ni(COD)2	(6.9	mg,	10	mol%)	for	2	h;	and	purification	by	column	chromatography	on	
silica	gel	 (Hexanes)	afforded	3p	as	a	colorless	oil	 in	51%	yield	 (32.9	mg).	Rf	0.68	 (Hexanes).	1H	NMR	
(500	MHz,	CDCl3):	δ	7.78	(d,	J	=	8.4	Hz,	1H),	7.72	(t,	J	=	9.3	Hz,	2H),	7.46	(s,	1H),	7.40	(dddd,	J	=	29.3,	
8.1,	6.8,	1.3	Hz,	2H),	7.20	(dd,	J	=	8.3,	1.8	Hz,	1H),	2.29	(s,	2H),	0.96	(t,	J	=	7.9	Hz,	9H),	0.56	(q,	J	=	7.9	
Hz,	 6H)	 ppm.	13C	 NMR	 (126	MHz,	 CDCl3):	 δ	 138.6,	 134.0,	 131.1,	 128.1,	 127.7,	 127.7,	 127.1,	 125.9,	
125.4,	124.4,	77.4,	77.2,	76.9,	22.1,	7.5,	3.2	ppm.	Spectroscopic	data	 for	3p	match	those	previously	
reported	in	the	literature.117(Say	in	the	draft	that	the	reaction	also	works	in	the	absence	of	Ni,	albeit	
in	lower	yield:	52%	GC	yield;	rest	is	C-O/C-H	bis-silylated	product)	
	
	
	
	
Triethyl(naphthalen-1-ylmethyl)silane	 (3q).	 Following	 the	 general	 procedure	 A,	 using	1q	 (43.1	mg,	
0.25	mmol)	and	Ni(COD)2	(3.5	mg,	5	mol%)	for	16	h;	and	purification	by	column	chromatography	on	
silica	gel	 (Hexanes)	afforded	3q	as	a	colorless	oil	 in	50%	yield	 (32.0	mg).	Rf	0.72	(Hexanes).	 1H	NMR	
(400	MHz,	CDCl3):	δ	8.06-7.93	(m,	1H),	7.88-7.79	(m,	1H),	7.62	(d,	J	=	8.0	Hz,	1H),	7.53-7.43	(m,	2H),	
7.37	(dd,	J	=	8.1,	7.1	Hz,	1H),	7.25-7.17	(m,	1H),	2.60	(s,	2H),	0.91	(t,	J	=	7.9	Hz,	9H),	0.54	(qd,	J	=	7.9,	
0.8	Hz,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	137.6,	134.1,	132.0,	128.8,	125.7,	125.5,	125.4,	125.1,	
124.7,	 124.7,	 18.6,	 7.5,	 3.7	 ppm.	 IR	 (neat,	 cm-1):	 3057,	 2952,	 2909,	 2873,	 1506,	 1458,	 1416,	 1327,	
1144,	1006,	794,	774,	724.	HRMS	 (ESI)	 [C17H24Si]	 (M+)	calcd.	 256.1647,	 found	 256.1640.	 (Say	 in	 the	
draft	that	the	reaction	also	works	in	the	absence	of	Ni,	albeit	in	lower	yield:	32%;	rest	is	C-O/C-H	bis-
silylated	product)	
	
																																																									
120	Murai,	M.;	Takami,	K.;	Takai,	K.	Chem.	Eur.	J.	2015,	21,	4566.	
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Triethyl((2-methoxynaphthalen-1-yl)methyl)silane	(3r).	Following	the	general	procedure	A,	using	1r	
(50.6	mg,	0.25	mmol)	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Hex/EtOAc	
20:1)	 afforded	 3r	 as	 a	 yellowish	 oil	 in	 93%	 yield	 (66.7	 mg).	 Rf	 0.25	 (Hexanes).	1H	 NMR	 (500	MHz,	
CDCl3):	δ	ppm.	7.93	(dt,	J	=	8.7,	0.9	Hz,	1H),	7.79	(ddt,	J	=	8.2,	1.3,	0.6	Hz,	1H),	7.65	(d,	J	=	8.9	Hz,	1H),	
7.46	(ddd,	J	=	8.5,	6.7,	1.4	Hz,	1H),	7.34	(ddd,	J	=	8.0,	6.7,	1.1	Hz,	1H),	7.25	(d,	J	=	8.9	Hz,	1H),	3.95	(s,	
3H),	2.60	(s,	2H),	0.90	(t,	J	=	7.9	Hz,	9H),	0.54	(q,	J	=	7.9	Hz,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	153.2,	
132.9,	129.3,	128.6,	125.5,	125.4,	124.0,	123.0,	122.9,	112.6,	55.8,	11.0,	7.5,	4.2	ppm.	2DgHMBC	NMR	
included	in	order	to	confirm	3r	structure.	IR	(neat,	cm-1):	2950,	2908,	2873,	1593,	1512,	1462,	1262,	
1250,	1078,	739.	HRMS	 (APCI)	 [C18H27OSi]	 (M+H)	calcd.	287.1831,	 found	287.1818.	 (Say	 in	 the	draft	
that	 the	 reaction	 also	 works	 in	 the	 absence	 of	 Ni,	 albeit	 in	 lower	 yield:	 63%	 isolated	 yield;	 full	
conversion,	no	C-H	silylated	product).	
	
	
	
2'-(Triethylsilyl)-[1,1'-biphenyl]-2-ol	(3s).	Following	the	general	procedure	A,	using	1s	(42.05mg,	0.25	
mmol),	2a	(143	μL,	2.0	equiv.),	KOtBu	(182.3	mg,	6.5	equiv.),	and	toluene	(2.5	mL)	at	40	ºC	for	16	h;	
and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Pentane/Et2O	 20:1)	 afforded	 3s	 as	 a	
colorless	oil	in	61%	yield	(43.5	mg).	Rf	0.41	(Hexanes/EtOAc	10:1).	1H	NMR	(400	MHz,	CDCl3):	δ	7.79-
7.63	 (m,	1H),	7.57-7.38	 (m,	2H),	7.38-7.24	 (m,	2H),	7.14	 (dd,	 J	=	7.5,	1.7	Hz,	1H),	7.04-6.89	 (m,	2H),	
4.78	(s,	1H),	0.87	(t,	J	=	7.9	Hz,	9H),	0.72-0.41	(m,	6H)	ppm.	13C	NMR	(75	MHz,	CDCl3):	δ	153.0,	142.5,	
138.0,	 136.7,	 130.6,	 130.4,	 130.0,	 129.3,	 129.2,	 127.3,	 119.7,	 115.1,	 7.4,	 3.6	 ppm.	 IR	 (neat,	 cm-1):	
3550,	3451,	3050,	2952,	2874,	1583,	1491,	1457,	1420,	1337,	1223,	1183,	1001,	747,	718.	HRMS	(ESI)	
[C18H23OSi]	(M+)	calcd.	283.1524,	found	283.1520.	
	
	
	
(E)-Triethyl(styryl)silane	 (3t).	 Following	 the	general	procedure	A,	using	 (Z)-1t	 (34	μL,	0.25	mmol)	at	
50ºC	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Pentane)	afforded	(E)-3t	as	a	
colorless	oil	in	70%	yield	(38.2	mg).	Rf	0.86	(Pentane).	1H	NMR	(400	MHz,	CDCl3):	δ	7.48–7.44	(m,	2H),	
7.37–7.32	(m,	2H),	7.29–7.23	(m,	1H),	6.92	(d,	J	=	19.3	Hz,	1H),	6.45	(d,	J	=	19.3	Hz,	1H),	1.01	(t,	J	=	7.9	
Hz,	9H),	0.68	(q,	J	=	7.9	Hz,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	145.0,	138.7,	128.6,	128.0,	126.5,	
126.1,	7.6,	3.7	ppm.	Spectroscopic	data	for	3t	match	those	previously	reported	in	the	literature.121	
	 	
																																																								
121	Poyatos,M.;	Maisse-François,	A.;	Bellemin-Laponnaz,	S.;	Gade,	L.	H.	Organometallics	2006,	25,	2634.	
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(E)-Triethyl(4-methoxystyryl)silane	 (3u).	Following	the	general	procedure	A,	using	1u	 (Z:E	3:2)	(41.1	
mg,	0.25	mmol)	and	Ni(COD)2	(6.9	mg,	10	mol%)	for	16	h;	and	purification	by	column	chromatography	
on	silica	gel	(Pentane/Et2O	25:1)	afforded	3u	(E:Z	20:1)	as	a	colorless	oil	in	61%	yield	(37.9	mg).	Rf	0.31	
(Hexanes).	1H	NMR	(400	MHz,	CDCl3):	δ	7.45–7.35	(m,	2H),	6.93–6.83	(m,	3H),	6.26	(d,	J	=	19.3	Hz,	1H),	
3.82	(s,	3H),	0.99	(t,	J	=	7.9	Hz,	9H),	0.7–0.59	(m,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	159.7,	144.3,	
131.7,	 127.7,	 123.2,	 114.0,	 55.5,	 7.6,	 3.8	 ppm.	 Spectroscopic	 data	 for	 xxx	match	 those	 previously	
reported	in	the	literature.122	(Say	in	the	main	text	that	C(sp2)-OMe	silylation	observed	in	less	than	5%)	
	
	
	
Triethyl(phenyl)silane	(5a).	Following	the	general	procedure	A,	using	4a	(27	μL,	0.25	mmol)	for	16	h;	
and	purification	by	 column	chromatography	on	 silica	gel	 (Hexanes)	 afforded	5a	 as	 a	 colorless	oil	 in	
61%	GC	 yield	 (complete	 isolation	was	 not	 possible	 due	 to	 volatility	 of	5a).123	Rf	 0.76	 (Hexanes).	 1H	
NMR	(400	MHz,	CDCl3):	δ	7.53–7.50	(m,	2H),	7.37	(m,	3H),	1.04–0.94	(m,	9H),	0.88–0.78	(m,	6H)	ppm.	
13C	 NMR	 (101	MHz,	 CDCl3):	 δ	 137.6,	 134.3,	 128.8,	 127.8,	 7.5,	 3.5	 ppm.	 Spectroscopic	 data	 for	 5a	
match	those	previously	reported	in	the	literature.124	
	
	
	
N,N-diisopropyl-2-(triethylsilyl)benzamide	 (5b).	 Following	 the	 general	 procedure	 A,	 using	 4b	 (57.6	
mg,	0.25	mmol)	and	Ni(COD)2	(6.9	mg,	10	mol%)	for	16	h;	and	purification	by	column	chromatography	
on	silica	gel	(Hex/EtOAc	10:1)	afforded	5b	as	a	white	solid	in	54%	yield	(43.0	mg).	Rf	0.63	(Hex/EtOAc	
8:2).	Mp	45-47	ºC.1H	NMR	(500	MHz,	CDCl3):	δ	7.60–7.53	(m,	1H),	7.35–7.28	(m,	2H),	7.18–7.12	(m,	
1H),	3.80-3.75	(m,	1	H),	3.49	(p,	J	=	6.9	Hz,	1H),	1.56	(d,	J	=	6.9	Hz,	6H),	1.15	(d,	J	=	6.6	Hz,	6H),	1.05–	
0.68	(m,	15H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	172.3,	144.9,	136.3,	135.2,	128.2,	127.5,	125.6,	50.9,	
45.9,	29.9,	20.8,	7.7,	3.9	ppm.	IR	(neat,	cm-1):	2958,	2933,	2906,	2874,	1619,	1437,	1369,	1334,	1002,	
719.	HRMS	(ESI)	[C19H33NNaOSi]	(M+Na)	calcd.	342.2229,	found	342.2225.		
	
	
	
	
																																																									
122	Kita,	Y.;	Tobisu,	M.;	Chatani,	N.	Org.	Lett.	2010,	12,	1864.	
123	81%	GC	yield	using	2a	(143	μL,	2.0	equiv.),	KOtBu	(182.3	mg,	6.50	equiv.)	and	toluene	(2.5	mL).	
124	Iranpoor,	N.;	Firouzabadi,	H.,	Azadi,	R.	J.	Org.	Chem.	2010,	695,	887. 
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N,N-dimethyl-4-(triethylsilyl)aniline	(5c).	Following	the	general	procedure	A,	using	4c	(37.8	mg,	0.25	
mmol),	Ni(COD)2	(6.9	mg,	10	mol%),	KOtBu	(54.7	mg,	1.95	equiv.)	and	toluene	(0.75	mL)	for	16	h;	and	
purification	by	column	chromatography	on	silica	gel	(Hex/EtOAc	10:1)	afforded	5c	as	a	colorless	oil	in	
62%	yield.	Rf	0.64	(Hexanes).	1H	NMR	(400	MHz,	CDCl3):	δ	7.42–7.34	(m,	2H),	6.79–6.71	(m,	2H),	2.97	
(s,	6H),	0.98	(t,	J	=	7.8	Hz,	9H),	0.77	(qd,	J	=	7.8,	1.1	Hz,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	151.0,	
135.4,	122.5,	112.0,	40.3,	7.7,	3.9	ppm.	Spectroscopic	data	for	5c	match	those	previously	reported	in	
the	literature.125		
	
	
	
	[1,1'-Biphenyl]-2-yltriethylsilane	 (5d).	 Following	 the	 general	 procedure	 A,	 using	4d	 (46.1	mg,	 0.25	
mmol),	Ni(COD)2	(3.5	mg,	5	mol%),	2a	(143	μL,	2.0	equiv.),	KOtBu	(182.3	mg,	6.50	equiv.)	and	toluene	
(2.5	mL)	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	5d	as	a	
colorless	oil	in	89%	yield	(59.5	mg).	Rf	0.56	(Hexanes).	1H	NMR	(400	MHz,	CDCl3):	δ	7.72-7.58	(m,	1H),	
7.55-7.22	(m,	8H),	0.86	(t,	J	=	7.8	Hz,	9H),	0.51	(q,	J	=	7.8	Hz,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	
149.8,	144.8,	135.9,	135.3,	129.8,	129.3,	128.4,	127.7,	127.2,	126.2,	7.7,	4.6,	4.4	ppm.	Spectroscopic	
data	for	5d	match	those	previously	reported	in	the	literature.126	
	
	
	
	[1,1'-Biphenyl]-3-yltriethylsilane	 (5e).	 Following	 the	 general	 procedure	 A,	 using	4e	 (46.1	mg,	 0.25	
mmol),	Ni(COD)2	(3.5	mg,	5	mol%),	2a	(143	μL,	2.0	equiv.),	KOtBu	(182.3	mg,	6.50	equiv.)	and	toluene	
(2.5	mL)	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	5e	as	a	
colorless	oil	in	90%	yield	(60.3	mg).	Rf	0.74	(Hexanes).	1H	NMR	(400	MHz,	CDCl3):	δ	7.79	(dd,	J	=	2.0,	
1.0	Hz,	1H),	7.66	(ddt,	J	=	9.7,	7.6,	1.6	Hz,	3H),	7.59-7.48	(m,	4H),	7.45-7.37	(m,	1H),	1.09	(t,	J	=	7.7	Hz,	
9H),	0.92	(qd,	J	=	7.7,	1.4	Hz,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	141.9,	140.6,	138.2,	133.3,	133.1,	
128.9,	128.2,	127.8,	127.4,	127.3,	7.6,	3.6	ppm.	IR	(neat,	cm-1):	3051,	3025,	2952,	2909,	2783,	1464,	
1415,	1385,	1237,	1119,	1017,	196,	695.	HRMS	(ESI)	[C18H24Si]	(M+)	calcd.	268.1647,	found	268.1658.	
	 	
																																																								
125	Yamanoi,	Y.	J.	Org.	Chem.	2005,	70,	9607.	
126	Matsuda,	T.;	Kirikae,	H.	Organometallics	2011,	30,	3923.	
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	[1,1'-Biphenyl]-4-yltriethylsilane	 (5f).	 Following	 the	 general	 procedure	 A,	 using	 4f	 (46.1	 mg,	 0.25	
mmol),	Ni(COD)2	(6.9	mg,	10	mol%),	2a	(143	μL,	2.0	equiv.),	KOtBu	(182.3	mg,	6.50	equiv.)	and	toluene	
(2.5	mL)	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	5f	as	a	
colorless	oil	in	55%	yield	(37.0	mg).	Rf	0.63	(Hexanes).	1H	NMR	(400	MHz,	CDCl3):	δ	7.71-7.55	(m,	6H),	
7.51-7.43	(m,	2H),	7.40-7.33	(m,	1H),	1.04	(td,	J	=	7.7,	1.0	Hz,	9H),	0.86	(qd,	J	=	7.7,	1.3	Hz,	6H)	ppm.	
13C	NMR	(101	MHz,	CDCl3):	δ	141.6,	141.3,	136.4,	134.8,	128.9,	127.4,	127.3,	126.5,	7.6,	3.6	ppm.	IR	
(neat,	 cm-1):	 3063,	 3024,	 2952,	 2873,	 1597,	 1458,	 1236,	 1112,	 1004,	 826,	 728,	 694.	 HRMS	 (ESI)	
[C18H24Si]	(M+)	calcd.	268.1647,	found	268.1660.	
	
	
	
	
(4-(Tert-Butoxy)phenyl)triethylsilane	 (xxx).	 Following	 the	 general	 procedure	 A,	 using	 1x	 (45.1	 mg,	
0.25	mmol),	 Ni(COD)2	 (3.5	mg,	 5	mol%),	2a	 (143	 μL,	 2.0	 equiv.),	 KOtBu	 (182.3	mg,	 6.5	 equiv.)	 and	
toluene	 (2.5	mL)	 for	 16	 h,	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Pentane/Et2O	
30:1)	afforded	5g	as	a	colorless	oil	in	62%	yield	(41.0	mg).	1H	NMR	(500	MHz,	CDCl3):	δ	7.43–7.37	(m,	
2H),	7.03–6.96	 (m,	2H),	1.41	 (s,	9H),	1.11-0.94	 (m,	9H),	0.82	 (qd,	 J	=	7.8,	1.0	Hz,	6H)	ppm.	 13C	NMR	
(126	MHz,	CDCl3)	δ	156.3,	135.0,	131.2,	123.2,	78.4,	29.1,	7.6,	3.7	ppm.	 IR	 (neat,	cm-1):	2953,	2875,	
1590,	1498,	1365,	1239,	1163,	1105,	1006,	897,	847,	716	ppm.	HRMS	(ESI)	[C15H25OSi]	(M-CH3)	calcd.	
249.1675,	found	249.1674.	
	
	
	
(4-Benzylphenyl)triethylsilane	 (5h).	 Following	 the	 general	 procedure	 A,	 using	 4h	 (49.6	 mg,	 0.25	
mmol),	Ni(COD)2	(3.5	mg,	5	mol%),	2a	(143	μL,	2.0	equiv.),	KOtBu	(182.3	mg,	6.5	equiv.),	and	toluene	
(2.5	mL)	for	16	h;	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	5h	as	a	
colorless	oil	in	59%	yield	(41.7	mg).	Rf	0.71	(Hexanes).1H	NMR	(400	MHz,	CDCl3):	δ	7.50	(d,	J	=	8.0	Hz,	
2H),	7.37	(dd,	J	=	8.0,	6.8	Hz,	2H),	7.28	(dd,	J	=	11.7,	7.5	Hz,	5H),	4.06	(s,	2H),	1.05	(t,	J	=	7.7	Hz,	9H),	
0.86	 (qd,	 J	 =	 7.7,	 1.2	Hz,	 6H)	 ppm.	13C	NMR	 (101	MHz,	 CDCl3):	 δ	 141.7,	 141.1,	 134.8,	 134.5,	 129.2,	
128.6,	 128.4,	 126.2,	 42.1,	 7.6,	 3.6	 ppm.	 IR	 (neat,	 cm-1):	 3064,	 3027,	 2952,	 2909,	 2874,	 1598,	 1494,	
1454,	1237,	1103,	1005,	696.	HRMS	(ESI)	[C19H26Si]	(M+)	calcd.	282.1804,	found	282.1797.	
	 	
SiEt3
Ph
SiEt3
OtBu
SiEt3
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
4.4.5.	Orthogonal	Silylation	Reactions	of	an	Anisole	Derivative	
	
	
	
	
	
	
Synthesis	 of	 4'-Methoxy-3-methyl-1,1'-biphenyl	 (8a).	 A	 two-necked	 250	 mL	 round-bottom	 flask	
equipped	with	a	magnetic	stir	bar	and	a	condenser	and	vacuumed	and	refilled	with	argon	three	times	
was	 charged	 with	 Pd(PPh3)4	 (520	 mg,	 4.5	 mol%).	 Next,	 these	 three	 solutions	 were	 added	
consecutively:	 3-bromotoluene	 (2.4	mL,	 2	 equiv.)	 in	 toluene	 (60	mL),	Na2CO3	 (6.68	 g,	 6.3	 equiv.)	 in	
H2O	(30	mL),	and	4-methoxyphenylboronic	acid	(1.52	g,	10	mmol)	in	EtOH	(30	mL).	After	stirring	the	
mixture	under	reflux	for	1	h,	the	reaction	was	coold	down	to	room	temperature	and	H2O	(50	mL)	was	
added.	 Then,	 the	 organic	 phase	was	 extracted	with	 DCM	 (30	mL	 x	 3),	 and	 the	 combined	 fractions	
were	 dried	 over	 MgSO4,	 concentrated	 under	 reduced	 pressure	 and	 purified	 by	 column	
chromatography	on	silica	gel	(Hexane/EtOAc	50:1)	providing	8a	as	a	white	solid	in	82	%	yield	(1.62	g).	
Mp	49-51	ºC.	1H	NMR	(500	MHz,	CDCl3):	δ	7.56–7.50	(m,	2H),	7.40–7.28	(m,	3H),	7.16–7.10	(m,	1H),	
7.01–6.95	 (m,	2H),	3.86	 (s,	3H),	2.42	 (s,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	159.2,	141.0,	138.4,	
134.1,	128.8,	128.3,	127.7,	127.6,	124.0,	114.3,	77.4,	77.2,	76.9,	55.5,	21.7	ppm.	Spectroscopic	data	
for	8a	match	those	previously	reported	in	the	literature.127	
	
Procedure	for	Classical	ortho-Metalation/Silylation.	
	
	
	
	
	
(3-Methoxy-3'-methyl-[1,1'-biphenyl]-4-yl)trimethylsilane	(9a).	The	title	compound	was	synthesized	
following	a	slightly	modified	literature	procedure.128	To	an	oven-dried	15	mL	Schlenk	tube	containing	
a	stirring	bar	and	charged	with	8a	(420	mg,	2.11	mmol)	was	added	anhydrous	cyclohexane	(0.5	mL),	
anhydrous	THF	(0.2	mL),	and	TMEDA	(23	μL,	10	mol%)	under	an	argon	atmosphere.	Next,	the	Schlenk	
tube	was	 charged	 nBuLi	 (0.8	mL,	 1.0	 equiv.,	 2.5	M	 in	 hexanes)	 at	 room	 temperature.	 The	 colorless	
mixture	immediately	turned	orange	and	later	on	deep	brown	and	the	reaction	appears	to	be	slightly	
exothermic.	The	mixture	was	stirred	at	65	ºC	for	24	h.	Then,	a	solution	of	TMSCl	(321	μL,	1.2	equiv.)	in	
anhydrous	hexanes	(1.0	mL)	was	added	at	room	temperature	and	the	resulting	yellowish	suspension	
was	stirred	at	ambient	 temperature	 for	2	h.	The	reaction	mixture	was	quenched	with	water	 (5	mL)	
and	 the	organic	phase	was	extracted	with	hexanes	 (15	mL	 x	 3).	 The	 combined	organic	 layers	were	
washed	with	a	saturated	aqueous	solution	of	NH4Cl	(10	mL)	and	brine	(10	mL),	dried	over	MgSO4,	and																																																									
127	Chang,	M.-Y.;	Cheng,	Y.-C.;	Lu,	Y.-J.	Org.	Lett.	2015,	17,	3142.	
128	Slocum,	D.	W.;	Reinscheld,	T.	K.;	White,	C.	B.;	Timmons,	M.	D.;	Shelton,	P.	A.;	Slocum,	M.	G.;	Sandlin,	R.	D.;	Holland,	
E.	G.;	Kusmic,	D.;	Jennings,	J.	A.;	Tekin,	K.	C.;	Nguyen,	Q.;	Bush,	S.	J.;	Keller,	J.	M.;	Whitley,	P.	E.	Organometallics	2013,	
32,	1674.	
OMe
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concentrated	 under	 reduced	 pressure.	 The	 crude	 was	 purified	 by	 flash	 column	 chromatography	
(Hexanes)	providing	9a	as	a	colorless	oil	in	84%	yield	(477	mg).	Rf	0.30	(Hexanes).	1H	NMR	(400	MHz,	
Chloroform-d):	δ	7.61–7.53	(m,	2H),	7.39–7.29	(m,	3H),	7.14	(dtd,	J	=	7.1,	1.6,	0.8	Hz,	1H),	6.91	(d,	J	=	
8.3	Hz,	1H),	3.86	(s,	3H),	2.43	(d,	J	=	0.7	Hz,	3H),	0.32	(s,	9H)	ppm.13C	NMR	(101	MHz,	CDCl3):	δ164.1,	
141.5,	 138.4,	 134.0,	 133.7,	 129.6,	 128.7,	 128.4,	 127.8,	 127.4,	 124.2,	 109.9,	 55.4,	 21.7,	 -0.8	ppm.	 IR	
(neat,	cm-1):	2952,	1592,	1473,	1462,	1235,	1081,	1027,	835,	781.	HRMS	(APCI)	[C17H22OSi]	(M+)	calcd.	
270.1440,	found	270.1433.	
	
Procedure	for	KOtBu-Catalyzed	ortho-Silylation.	
	
	
	
	
	
Triethyl(4-methoxy-3'-methyl-[1,1'-biphenyl]-3-yl)silane	 (10a).	 The	 title	 compound	was	 synthesized	
following	a	slightly	modified	literature	procedure.129	An	oven-dried	5	mL	scintillation	vial	containing	a	
stirring	bar	and	charged	with	8a	(99.13	mg,	0.50	mmol)	was	introduced	in	an	nitrogen-filled	glovebox	
where	 KOtBu	 (11.2	 mg,	 20	 mol%),	 Et3SiH	 (240	 μL,	 3	 equiv.)	 and	 THF	 (0.5	 mL)	 were	 added	
consecutively.	 Then	 the	 vial	was	 sealed	and	 taken	out	 from	 the	glovebox	and	 the	 reaction	mixture	
was	 stirred	at	65	 ºC	 for	96	h.	 The	 reaction	was	diluted	with	EtOAc	 (5	mL)	 and	 concentrated	under	
reduced	pressure	and	the	crude	was	purified	by	flash	column	chromatography	(Hexanes)	providing	a	
7:1	10a:10aa	mixture	as	a	yellowish	oil	 in	 (46.5	mg	of	mixture,	contains	39.2	mg	of	10a,	25%	yield;	
and	7.3	mg	of	10aa,	 3%	yield,	 calculated	based	on	 1H	NMR).	Rf	 0.42	 (Hexanes).	 1H	NMR	 (500	MHz,	
Chloroform-d):	δ	7.61–7.53	(m,	2H),	7.37	(ddd,	J	=	5.4,	2.7,	1.2	Hz,	2H),	7.33	(t,	J	=	7.8	Hz,	1H),	7.16–
7.12	(m,	1H),	6.90	(d,	J	=	8.2	Hz,	1H),	3.84	(s,	3H),	2.44	(s,	3H),	1.03–0.97	(m,	9H),	0.91–0.85	(m,	6H)	
pm.	13C	NMR	(126	MHz,	CDCl3):	δ	164.3,	141.6,	138.4,	135.0,	133.5,	129.4,	128.7,	127.8,	127.4,	125.6,	
124.1,	109.7,	55.2,	21.7,	7.8,	3.7	ppm.	DFT-135	is	included	in	order	to	confirm	10a	and	10b	structure.	
IR	 (neat,	 cm-1):	 2951,	 2873,	 1462,	 1238,	 1079,	 782,	 720.	 HRMS	 (APCI)	 [C20H29OSi]	 (M+H)	 calcd.	
313.1988,	found	313.1986.	
Procedure	for	Ni-catalyzed	Ipso-Silylation	via	C(sp2)-OMe	cleavage.	
	
	
	
	
Triethyl(3'-methyl-[1,1'-biphenyl]-3-yl)silane	(12a).	Following	the	general	procedure	A,	using	8a	(49.6	
mg,	0.25	mmol),	Ni(COD)2	(10.3	mg,	15	mol%),	2a	(143	μL,	2.0	equiv.),	KOtBu	(182.3	mg,	6.50	equiv.)	
and	 toluene	 (2.5	mL)	 for	 24	 h;	 and	 purification	 by	 column	 chromatography	 on	 silica	 gel	 (Hexanes)																																																									
129	Toutov,	A.	A.;	Liu,	W.-B.;	Betz,	K.	N.;	Fedorov,	A.;	Stoltz,	B.	M.;	Grubbs,	R.	H.	Nature	2015,	518,	80.	
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afforded	12a	as	a	colorless	oil	 in	61%	yield	(43.0	mg).	Rf	0.60	(Hexanes).	 1H	NMR	(400	MHz,	CDCl3):	
7.65–7.54	 (m,	4H),	7.47–7.41	 (m,	2H),	7.35	 (td,	 J	=	7.4,	0.8	Hz,	1H),	7.21–7.15	 (m,	1H),	2.44	 (s,	3H),	
1.09–0.97	(m,	9H),	0.90–0.79	(m,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	141.7,	141.3,	138.4,	136.2,	
134.8,	128.8,	128.2,	128.1,	126.5,	124.38,	21.7,	7.6,	3.6	ppm.	IR	(neat,	cm-1):	2952,	2909,	2874,	1598,	
1458,	1111,	1006,	780,	744,	699.	HRMS	(ESI)	[C19H26Si]	(M+)	calcd.	282.1804,	found	282.1805.	
	
4.4.6.	Mechanistic	Studies	
	
Mercury	poisoning	study	
Procedure.	An	oven-dried	15	mL	screw-capped	test	tube	containing	a	stirring	bar	was	charged	with	1a	
(39.6	mg,	0.25	mmol).	The	test	tube	was	introduced	in	an	nitrogen-filled	glovebox	where	25	μL	of	a	
freshly	prepared	solution	of	Ni(COD)2	in	toluene	(0.1	M,	1mol	%),	2a	(93	μL,	1.3	equiv.),	KOtBu	(61.7	
mg,	2.2	equiv.),	decane	(49	μL,	0.25	mmol)	and	toluene	(1.25	mL)	were	then	added	sequentially.	The	
mixture	was	 stirred	at	 room	 temperature	 in	 the	glovebox	and	after	7	min,	 1	drop	of	mercury	 (>20	
equiv.	respect	to	the	catalyst	Ni(COD)2)	was	added	with	a	plastic	pasteur	pipette.	After	indicated	time,	
aliquots	were	taken,	diluted	with	EtOAc	(2	mL),	 filtered	through	a	pad	of	silica	and	subjected	to	GC	
analysis.		
	
TEM	analysis	
Procedure.	An	oven-dried	screw-cap	test	tube	containing	a	stirring	bar	was	charged	with	1a	(39.6	mg,	
0.25	mmol).	The	test	tube	was	introduced	in	an	nitrogen-filled	glovebox	where	25	μL	of	a	freshly	
prepared	solution	of	Ni(COD)2	in	toluene	(0.1	M,	1mol	%),	2a	(93	μL,	1.3	equiv.),	KOtBu	(61.7	mg,	2.2	
equiv.)	and	toluene	(1.25	mL)	were	then	added	sequentially.	The	tube	with	the	mixture	was	stirred	at	
room	temperature	in	the	glovebox	and	6	aliquots	were	taken	at	three	different	times	(5,	30,	60	
minutes)	during	the	course	of	the	reaction	with	a	pasteur	pipette	and	diluted	with	toluene	(2	mL).	A	
drop	of	the	resulting	solutions	was	placed	on	a	holey	grid	(Carbon	Film	200	mesh	Copper)	and	the	
toluene	was	removed	under	vacuum.	TEM	analyses	were	obtained	by	using	a	JEOL	JEM	1011	
microscope	equipped	with	lanthanum	hexaboride	filament	and	running	at	100	kV,	at	the	Microscopy	
Unit	of	the	Universitat	Rovira	i	Virgili	(URV).	No	heterogeneous	metal	particles	or	clusters	were	
observed	in	any	of	the	three	analyses.		
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Figure	4.5.	Representative	TEM	images	of	reaction	crude	at	time	30	minutes.	130	
	
Synthesis	of	Radical	Clock	
	
	
	
	
	
Step	 1:	 Synthesis	 of	 (E)-methyl	 3-(2-methoxynaphthalen-1-yl)acrylate	 (13a).	 A	 solution	 of	 2-
methoxy-1-naphthaldehyde	 (3.72	 g,	 20	 mmol)	 and	 methyl	 (triphenyl-phosphoranylidene)acetate	
(9.36	g,	1.4	equiv.)	in	DCM	(100	mL)	was	stirred	in	a	250	mL	round-bottom	flask	at	room	temperature	
for	16	h.	The	reaction	crude	was	then	concentrated	and	purified	by	column	chromatography	on	silica	
gel	(Hexane/EtOAc	5:1)	to	afford	13a	as	a	white	solid	(4.55	g,	94%,	E:Z	20:1).	Mp	68–69	ºC.	1H	NMR	
(500	MHz,	CDCl3):	δ	8.41	(d,	J	=	16.2	Hz,	1H),	8.22	(dd,	J	=	8.6,	1.0	Hz,	1H),	7.84	(d,	J	=	9.1	Hz,	1H),	7.81-
7.77	(m,	1H),	7.54	(ddd,	J	=	8.5,	6.8,	1.4	Hz,	1H),	7.40	(ddd,	J	=	8.0,	6.8,	1.1	Hz,	1H),	7.26	(d,	J	=	9.1	Hz,	
1H),	6.83	(d,	J	=	16.2	Hz,	1H),	3.98	(s,	3H),	3.89	(s,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3):	δ	168.3,	156.7,	
137.9,	 132.7,	 131.6,	 128.9,	 128.6,	 127.4,	 123.9,	 123.2,	 122.8,	 116.5,	 112.7,	 56.1,	 51.6	 ppm.	
Spectroscopic	data	for	13a	match	those	previously	reported	in	the	literature.131	
	
	
	
																																																								
130	For	comparing	with	TEM	images	of	heterogeneous	ligandless	Ni	catalyst	derived	from	Ni(COD)2,	see	ref.	xx.HARTWIG	
JACS	REDUCTION	
131	Zhang.	Z.;	Wang.	Z.	J.	Org.	Chem.	2006,	71,	7485.	
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Step	2:	Synthesis	of	3-(2-methoxynaphthalen-1-yl)propan-1-ol	(14a).	In	a	two-necked	250	mL	round-
bottom	 flask	equipped	with	a	 condenser,	13a	 (2.42	g,	10	mmol)	and	NaBH4	 (2.27	g,	6	equiv.)	were	
suspended	 in	 THF	 (40	 mL).	 While	 heating	 the	 suspension	 to	 55	 ºC,	 methanol	 (8	 mL)	 was	 added	
dropwise	over	a	time	period	of	30	min.	After	stirring	the	reaction	at	55ºC	for	further	6	h,	the	reaction	
was	 quenched	 with	 ice	 and	 a	 NaOH	 aqueous	 solution	 (40	 mL,	 5	 M),	 and	 the	 organic	 phase	 was	
extracted	with	DCM	(20	mL	x	3).	The	combined	organic	layers	were	washed	with	a	saturated	aqueous	
solution	 of	 NH4Cl	 (30	mL)	 and	 brine	 (30	mL),	 dried	 over	MgSO4,	 and	 concentrated	 under	 reduced	
pressure.	 The	 crude	 reaction	 mixture	 was	 purified	 by	 column	 chromatography	 on	 silica	 gel	
(Hexane/EtOAc	4:1)	providing	14a	as	a	colorless	oil	 (1.90	g,	88%).	1H	NMR	(400	MHz,	CDCl3):	δ	8.02	
(dd,	J	=	8.6,	1.0	Hz,	1H),	7.83	(ddd,	J	=	8.2,	1.4,	0.7	Hz,	1H),	7.78	(d,	J	=	9.0	Hz,	1H),	7.53	(ddd,	J	=	8.5,	
6.8,	1.4	Hz,	1H),	7.39	(ddd,	J	=	8.0,	6.7,	1.1	Hz,	1H),	7.31	(d,	J	=	9.0	Hz,	1H),	4.00	(s,	3H),	3.59	(t,	J	=	6.0	
Hz,	2H),	3.26	(t,	J	=	7.1	Hz,	2H),	2.42	(bs,	1H),	1.98	(tt,	 J	=	7.1,	5.9	Hz,	2H)	ppm.	13C	NMR	(101	MHz,	
CDCl3):	δ	154.4,	133.1,	129.6,	128.7,	128.0,	126.5,	123.6,	123.3,	122.6,	113.3,	61.7,	56.9,	32.4,	20.5	
ppm.	IR	(neat,	cm-1):	3362,	3055,	2936,	2872,	2837,	1623,	1593,	1511,	1461,	1381,	1247,	1176,	1093,	
1024,	804,	744.	HRMS	(ESI)	[C14H16NaO2]	(M+Na)	calcd.	239.1048,	found	239.1043.	
	
	
	
Steps	 3:	 Synthesis	 of	 1-(4-cyclopropylbut-3-en-1-yl)-2-methoxynaphthalene	 (6a).	 To	 a	 solution	 of	
alcohol	14a	(569	mg,	2.63	mmol)	in	DCM	(20	mL)	was	added	silica	gel	and	pyridinium	chlorochromate	
(776	 mg,	 1.4	 equiv.)	 in	 one	 portion.	 After	 stirring	 at	 room	 temperature	 for	 1	 h,	 the	 solvent	 was	
removed	and	the	crude	mixture	was	filtered	over	a	short	pad	of	silica	gel	(Hexane/EtOAc	8:1	→	4:1).	
Next,	the	solvents	were	removed	under	reduced	pressure	to	give	the	crude	product	as	a	brown	solid,	
which	was	taken	up	in	THF	(8	mL)	and	used	directly	 in	the	next	step	without	further	purification.	 In	
another	flask,	the	Wittig-ylide	was	prepared	by	adding	nBuLi	(1.1	mL,	2.57	mmol,	2.5	M	in	hexanes)	to	
a	suspension	of	(cyclopropylmethyl)triphenylphosphonium	bromide	(1.36	g,	1.30	mmol)	in	anhydrous	
THF	(8	mL)	at	room	temperature.	After	stirring	the	reaction	for	1	h,	the	previously	prepared	aldehyde-
solution	was	slowly	added	and	the	reaction	was	stirred	for	additional	5	h	at	the	same	temperature.	
Afterwards,	the	reaction	mixure	was	quenched	by	addition	of	silica	gel	and	the	solvent	was	removed	
under	vacuum.	Filtration	over	a	short	pad	of	silica	gel	(Hexane/EtOAc	100:1)	afforded	6a	as	colorless	
oil	 (538	mg,	81%)	as	a	E:Z	2:1	mixture.	Rf	0.36.	 1H	NMR	(400	MHz,	CDCl3):	δ	8.04	(d,	J	=	8.6	Hz,	1H,	
trans),	7.97	(d,	J	=	8.6	Hz,	0.5H,	cis),	7.86-7.71	(m,	3H,	trans	&	cis),	7.49	(m,	1.5H,	trans	&	cis),	7.39-
7.26	(m,	3H,	trans	&	cis),	5.70	(dt,	J	=	14.3,	6.8	Hz,	0.5H,	cis),	5.53	(dt,	J	=	10.7,	7.3	Hz,	1H,	trans),	5.08	
(dd,	J	=	15.3,	8.4	Hz,	0.5H,	cis),	4.80	(t,	J	=	10.2	Hz,	1H,	trans),	3.97	(s,	3H,	trans),	3.97	(s,	1.5H,	cis),	
3.32-3.04	(m,	3H,	trans	&	cis),	2.52	(q,	J	=	7.6	Hz,	2H,	trans),	2.30	(q,	J	=	7.2	Hz,	1H,	cis),	1.64-1.49	(m,	
1H,	trans),	1.37	(tt,	J	=	8.4,	4.7	Hz,	0.5H,	cis),	0.69	(m,	3H,	trans	&	cis),	0.32	(m,	3H,	trans	&	cis)	ppm.	
13C	NMR	(126	MHz,	CDCl3):	154.56,	154.46,	134.43,	133.93,	133.15,	133.08,	129.44,	129.39,	128.64,	
128.62,	128.18,	128.01,	127.65,	127.60,	126.26,	123.87,	123.44,	123.25,	113.66,	113.63,	56.76,	56.72,	
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32.94,	28.29,	25.41,	13.66,	9.72,	6.96,	6.51	ppm.	IR	(neat,	cm-1):	3071,	3002,	2936,	2836,	1624,	1594,	
1513,	1460,	1380,	1248,	1177,	1149,	1086,	1023,	936,	802,	742.	HRMS	 (ESI)	 [C18H21O]	 (M+H)	calcd.	
253.1592,	found	253.1587.	
	
Ni-Catalyzed	Ipso-Borylation	of	Radical	Clock	
	
	
(1-(4-Cyclopropylbut-3-en-1-yl)naphthalen-2-yl)triethylsilane	 (7a)	 (entry	 xx,	 Table	 xx,	 as	 example).	
Following	the	general	procedure	A,	using	6a	(63.1	mg,	0.25	mmol)	and	Ni(COD)2	(3.5	mg,	5	mol%)	for	
16	h,	and	purification	by	column	chromatography	on	silica	gel	(Hexanes)	afforded	7a	as	a	colorless	oil	
in	38%	yield	 (31.8	mg)	as	a	E:Z	2:1	mixture.	Rf	0.52.	 1H	NMR	(500	MHz,	CDCl3):	δ	8.16-8.12	 (m,	1H,	
trans),	8.06	(dd,	J	=	8.5,	1.4	Hz,	0.5H,	cis),	7.83	(m,	1H	trans	&	0.5	Hcis),	7.69	(m,	1H	trans	&	0.5H	cis),	
7.54	(m,	1.5H,	trans	&	cis),	7.54-7.45	(m,	2H	trans	&	1H	cis),	5.73	(dt,	J	=	15.2,	6.7	Hz,	0.5H,	cis),	5.53	
(dtd,	J	=	10.9,	7.2,	0.9	Hz,	1H,	trans),	5.14	(ddt,	J	=	15.2,	8.5,	1.5	Hz,	0.5H,	cis),	4.86	(ddt,	J	=	10.9,	9.8,	
1.6	Hz,	1H,	trans),	3.31-3.26	(m,	1H,	trans),	3.26-3.22	(m,	0.5H,	cis),	2.60-2.53	(m,	2H),	2.40-2.33	(m,	
1H),	1.62-1.53	(m,	1H,	trans),	1.48-1.40	(m,	0.5H,	cis),	1.01-0.95	(m,	15H	trans	&	7.5H	cis),	0.74	(m,	2H	
trans	&	1H	cis),	0.43-0.35	(m,	2H	trans	&	1H	cis)	ppm.	13C	NMR	(126	MHz,	CDCl3):	146.0,	145.9,	134.6,	
134.4	(3C),	132.6	(2C),	132.0	(2C),	131.9	(2C),	128.8,	128.7,	127.5	(2C),	125.9	(2C),	125.8,	125.7,	125.6	
(2C),	124.5,	34.9,	34.0,	33.8,	30.5,	13.8,	10.0,	7.90	(2C),	7.1,	6.7,	4.8	(2C)	ppm.	IR	(neat,	cm-1):	3052,	
3004,	 2952,	 2873,	 1456,	 1237,	 1002,	 810,	 727.	 HRMS	 (ESI)	 [C23H32Si]	 (M+)	 calcd.	 336.2273,	 found	
336.2287.	
	
Procedure	 for	 Ipso-Silylation	 of	 xx	 in	 the	 presence	 of	 Radical	 Scavengers.	 Following	 the	 general	
procedure	 A,	 using	 1a	 (39.6	 mg,	 0.25	 mmol),	 adding	 the	 radical	 scavenger	 (0.325	 mmol)	 under	 a	
positive	 pressure	 of	 nitrogen	 after	 taking	 out	 the	 reaction	 tube	 from	 the	 glovebox	 and	 stirring	 the	
resulting	mixture	at	room	temperature	for	3	h.	The	reaction	was	then	diluted	with	EtOAc	(5	mL)	and	
the	 corresponding	 yield	 of	 2a	 was	 calculated	 by	 gas	 chromatography	 using	 decane	 as	 internal	
standard.		
	
Procedure	 for	 Ipso-Silylation	 of	 xx	 Silylation	 with	 PhMe2SiLi	 (entry	 xx,	 Table	 xx,	 as	 example).	
PhMe2SiLi	 (2c)	was	 synthesized	 adding	 PhMe2SiCl	 (101	 μL,	 0.61	mmol)	 to	 a	 suspension	 of	 granular	
lithium	(16.93	mg,	4.0	equiv.)	 in	THF	(0.61	mL)	at	0	 ºC	and	stirring	at	 that	temperature	for	6	h.	The	
deep	red	solution	was	stored	in	the	glovebox	at	-25	ºC.	Silylation	protocol	was	carried	following	the	
general	procedure	A,	using	1a	(39.6	mg,	0.25	mmol),	10	mol%	Ni(COD)2	(6.9	mg),	2c	(89	μL,	1.3	equiv.)	
OMe SiEt3Ni(COD)2 (x mol %)
KOtBu (2.2 equiv)
Et3SiBpin (1.3 equiv.)
Et
PhMe, 25 ºC, 16 h Not observed
UNIVERSITAT ROVIRA I VIRGILI 
C-HETEROATOM BOND-FORMATION VIA NICATALYZED C-O BOND CLEAVAGE 
Cayetana Zárate Sáez 
at	95	ºC	for	16	h.	The	mixture	was	then	diluted	with	EtOAc	(5	mL)	and	the	corresponding	yield	of	2a	
was	calculated	by	gas	chromatography	using	decane	as	internal	standard.	
	
Borylation	 of	 Alkyl	 Bromides	 and	 Chlorides	 under	 Ni-Catalyzed	 Ipso-Silylation	 of	 Methyl	 Ethers	
Conditions	
	
	
	
Synthesis	 of	 1-(4-Bromobuty)-4methoxybenzene	 (6b).	 The	 title	 compound	 6b	 was	 synthesized	
following	a	slightly	modified	 literature	procedure.132	To	a	solution	of	4-(p-methoxyphenyl)-1-butanol	
(2.0	g,	11	mmol)	and	pyridine	(36	μl,	4	mol%)	in	DCM	(25	mL),	PBr3	(0.48	mL,	0.5	equiv.)	was	added	
dropwise	 at	 -30	 ºC.	 After	 stirring	 at	 35	 ºC	 for	 12	 h,	 the	 reaction	 was	 quenched	 with	 a	 saturated	
aqueous	solution	of	K2CO3	and	the	organic	layer	extracted	with	DCM	(10	mL	x	3).	The	organic	layers	
were	 combined,	 washed	 with	 brine,	 dried	 over	 MgSO4,	 filtered	 and	 evaporated	 under	 reduced	
pressure.	The	resulting	crude	was	purified	through	column	chromatography	(Hexanes/EtOAc	7:3)	to	
afford	the	product	as	a	colorless	oil	 in	a	69%	yield(1.8	g).	Rf	0.75	(Hexane/EtOAc	9:1).	 1H	NMR	(400	
MHz,	CDCl3):	δ7.15–7.05	(m,	2H),	6.88–6.79	(m,	2H),	3.79	(s,	3H),	3.42	(t,	J	=	6.7	Hz,	2H),	2.59	(t,	J	=	7.6	
Hz,	2H),	2.00–1.81	(m,	2H),	1.80–1.70	(m,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	158.0,	134.0,	129.4,	
113.9,	55.4,	34.2,	33.8,	32.4,	30.2	ppm.	Spectroscopic	data	for	6b	match	those	previously	reported	in	
the	literature.133	
	
	
	
	
Synthesis	of	1-(4-Chlorobutyl)-4-methoxybenzene	(6c).	Thionyl	chloride	(5.6	g,	1.7	equiv.)	was	added	
dropwise	over	1h	via	cannula	into	a	solution	of	4-(4-Methoxyphenyl)-1-butanol	(5	g,	27.7	mmol)	and	
pyridine	 (1.1	ml,	0.5	equiv.)	contained	 in	an	argon	purged	round-bottom	flask	with	a	septum.	After	
the	addition	was	complete,	the	mixture	was	heated	to	50	ºC	for	2	h.	Then,	the	reaction	was	cool	down	
to	room	temperature,	and	quenched	adding	water	(6	ml)	and	diethyl	ether	(6	ml)	and	stirring	the	for	
10	min.	The	organic	phase	was	extracted	with	DCM	 (20	mL),	washed	with	NaHCO3	 (10	ml	 x	2)	 and	
H2O	(10	mL),	dried	over	MgSO4,	concentrated	and	purified	by	flash	column	chromatography	on	silica	
gel	 (Hexanes/EtOAc	 20:1)	 providingd	 6c	 as	 a	 yellow	 liquid	 in	 93%	 yield	 (5.5	 g).	 .134 	Rf	 0.79	
(Hexane/EtOAc	9:1).	1H	NMR	(400	MHz,	CDCl3):	δ	7.11	(d,	J	=	8.8	Hz,	2H),	6.85	(d,	J	=	8.6	Hz,	2H),	3.80	
(s,	3H),	3.56	 (t,	 J	=	6.4	Hz,	2H),	2.61	 (t,	 J	=	7.2	Hz,	2H),	1.93−1.65	 (m,	4H)	ppm.	 13C	NMR	(101	MHz,	
CDCl3)	δ	157.9,	133.9,	129.2,	113.8,	55.2,	44.9,	34.2,	32.1,	28.8	ppm.	Spectroscopic	data	for	6c	match																																																									
132	Kosui,	N.;	Waki,	M.;	Kato,	T.;	Izumiya,	N.	Bull.	Chem.	Soc.	Jpn.	1982,	55,	918.	
133	Pelter,	A.;	Ward,	R.	S.;	Rao,	R.	R.Tetrahedron.	1985,	41,	2933.	
134	Pelter,	A.;	Ward,	R.	S.;	Rao,	R.	R.Tetrahedron.	1985,	41,	2933.	
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those	previously	reported	in	the	literature.135	
	
Procedure	for	borylation	of	alkyl	bromides	and	chlorides	(entry	1,	table	xx,	as	example).	Following	
the	 general	 procedure	A,	 using	6b	 (60.8	mg,	 0.25	mmol)	 and	2a	 (185	μL,	 2.6	 equiv.)	 for	 16	 h;	 and	
purification	by	column	chromatography	on	silica	gel	(Hexanes/EtOAc	30:1)	afforded	7b	as	a	colorless	
oil	 in	50%	yield	(34.9	mg).	Rf	0.31	(Hexanes/EtOAc	10:1).	1H	NMR	(400	MHz,	CDCl3):	δ	7.11–7.06	(m,	
2H),	6.85–6.78	(m,	2H),	3.78	(s,	3H),	2.62–2.51	(m,	2H),	1.65–1.55	(m,	2H),	1.51–1.41	(m,	2H),	1.24	(s,	
12H),	0.81	(t,	J	=	7.8	Hz,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3):	δ	157.69,	135.17,	129.35,	113.77,	83.02,	
55.38,	34.96,	34.57,	24.96,	23.83	ppm.	11B	NMR	(128	MHz,	CDCl3):	δ	34.92	ppm.	IR	(neat,	cm-1):	2977,	
2928,	 1511,	 1371,	 1316,	 1243,	 1143,	 1037.	 HRMS	 (ESI)	 [C17H28BO3]	 (M+H)	 calcd.	 291.2132,	 found	
291.2135.	
	
11B{1H}	NMR	monitorizing	reaction	in	toluene-d8	
	
Procedure.	An	oven-dried	J.	Young	NMR	tube	was	introduced	in	an	nitrogen-filled	glovebox	where	2a	
(18	 μL,	 1.3	 equiv.),	 KOtBu	 (12.3	 mg,	 2.2	 equiv.)	 and	 deuterated	 toluene	 (0.3	 mL)	 were	 added	
sequentially.	 The	 tube	 with	 the	 mixture	 was	 taken	 out	 of	 the	 glovebox	 and	 11B{1H}	 NMR	
measurements	were	collected	every	hour	during	6	hours	whitout	taking	out	the	tube	from	the	NMR	
apparatus.	
	
																																																									
135	Shang,	G.;	Liu,	D.;	Allen,	S.	E.;	Yang,	Q.;	Zhang,	X.	Chem.	Eur.	J.	2007,	13,	7780.	
Et3SiBpin (2.6 equiv.)
OMe
Br
OMe
Bpin
OMe
SiEt3
Ni(COD)2 (x mol %)
KOtBu (2.2 equiv)
PhMe, 25 ºC, 16 h
Not observed
Et3SiBpin
tol-d8 (0.2 M)
(2.2 equiv.)
O
B
OtBuO
Et3Si
K
11B{1H} NMR = 31.5 xx
xx 25 ºC
11B{1H} NMR = 4.0
KOtBu+
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Stoichiometric	experiments	
	
Procedure.	An	oven-dried	15	mL	screw-capped	test	tube	containing	a	stirring	bar	was	 introduced	in	
an	nitrogen-filled	glovebox	where	2a	(93	μL,	1.3	equiv.),	KOtBu	(61.7	mg,	2.2	equiv.)	and	toluene	(1.25	
mL)	were	added	sequentially.	25	μL	of	a	freshly	prepared	solution	of	Ni(COD)2	in	toluene	(0.1	M,	1mol	
%)	was	added	only	 in	 case	B.	The	 tube	with	 the	mixture	was	 taken	out	 closed	of	 the	glovebox	and	
stirred	at	 room	temperature	 for	1	h.	The	solvent	was	 then	removed	under	vacuum	and	deuterated	
methanol	was	used	 for	NMR	analysis.Está	MAL	 ,	CREO	QUE	ES	TESBinOtBuK	 (5.4ppm)y	 (TES)2BpinK	
(2.9ppm),	ref.		Corina	Eur….	En	el	crudo	de	reacción	Nuevo	pico	que	solo	se	ve	en	B	que	creo	que	es	
[Bpin(OtBu)2]K.	Creo	que	el	espectro	de	A	corresponde	a	B	y	viceversa	(comprobar).	
	
	
Et3SiBpin    +      KOtBu
PhMe (0.2 M)
(2.2 equiv.)
+
O
B
OtBuO
Et3Si
K
O
B
OtBuO
tBuO
K
A) Without Ni(COD)2
Ni(COD)2 (1.0 equiv.)
2:1
xxxx xx
B) With Ni(COD)2 1:1
25 ºC, 1 h
A)	
B)	
xx	
xx	
xx	
xx	
?	
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4.4.7.	NMR	spectra	
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Chapter	5.	Conclusions	
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To	conclude	the	doctoral	dissertation,	it	is	useful	to	reflect	on	the	degree	to	which	out	initial	
objectives	have	been	successfully	met.	
	
Chapter	1:	
 
§ A	 mild	 protocol	 for	 Ni/Cu-catalyzed	 silylation	 of	 aryl	 and	 benzyl	 pivalates	 via	 C(sp2)-	 and	
C(sp3)-OPiv	bond	cleavage	has	been	developed.	
§ 	This	 transformation	 represents	 an	 alternative	 methodology	 for	 the	 synthesis	 of	 aryl	 and	
benzyl	silanes,	intermediates	of	utmost	importance	in	organic	synthesis;	and	is	characterized	
by	its	wide	substrate	scope	including	rather	sensitive	functionalities.	
§ A	synergistic	Ni/Cu	effect	has	been	observed	for	the	first	time	within	the	realm	of	C-O	bond	
functionalization.	 This	 effect	 together	 with	 a	 silylborane/CsF	 couple	 were	 key	 in	 the	
development	of	the	presented	methodology.	
§ The	applicability	of	the	transformation	has	been	demonstrated	with	further	functionalization	
of	the	synthesized	arylsilanes	such	as	ipso-halogenation	and	oxidative	arylation.	
§ Two	synergistic	Ni(0)-Ni(II)	and	Cu(II)	catalytic	cycles	were	proposed,	although	further	studies	
are	ongoing	in	order	to	support	our	mechanistic	hypothesis.	
§ We	speculated	that	the	design	of	related	systems	involving	bimetallic	mechanistic	scenarios	
might	lead	to	new	discoveries	with	respect	to	the	activation	of	“inert”	bonds.	
	
	
Chapter	2:	
 
§ A	Ni-catalyzed	 ipso-borylation	of	aryl	and	benzyl	methyl	ethers	via	challenging	C-OMe	bond	
cleavage	was	described	using	a	silylborane/KOtBu	system.	
§ This	methodology	provides	a	direct	alternative	for	the	synthesis	of	organoboron	compounds,	
while	expanding	the	virtually	unexplored	field	of	C-heteroatom	bond	formation	via	C-OMe	
bond	activation.	
§ The	prevailing	lack	of	reactivity	of	non	π-extended	methoxyarenes	was	compensated	with	the	
use	of	carefully	designed	activating	groups.	
§ It	was	also	demonstrated	that	C(sp2)-	and	C(sp3)-O	site-selectivity	can	be	easily	achieved	by	a	
judicious	choice	of	the	corresponding	boron	reagent	and	base.		
§ Although	more	 rigorous	mechanistic	 investigations	must	 be	 undertaken	 in	 order	 to	 draw	 a	
catalytic	cycle	with	full	confidence,	Ni(I)-boryl	species	under	our	conditions	were	proposed	to	
undergo	the	C-OMe	bond	scission.	
	
Chapter	3:	
	
§ A	protocol	for	the	mild	and	ligand	free	Ni-catalyzed	silylation	of	aryl,	benzyl,	and	vinyl	methyl	
ethers	has	been	documented.	
§ The	 transformation	 is	 characterized	 by	 its	 surprisingly	mild	 reaction	 conditions,	 ligand	 free	
regime,	low	catalyst	loadings,	and	high	reactivity	of	ever-elusive	unbiased	anisole	derivatives.	
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§ The	 importance	 of	 this	 transformation	 as	 an	 alternative	 towards	 “classical”	 C-H	 silylation	
protocols	has	been	demonstrated.	
§ Based	on	empirical	data	and	literature	precedents,	we	suggested	that	the	formation	of	Ni(0)-ate	
species	may	account	for	the	unusual	reactivity	that	was	discovered.		
§ The	aims	of	our	 future	 studies	 include	demonstrating	 the	 intermediacy	of	nickel-ate	 complexes	
and	exploiting	their	unique	reactivity	in	related	transformations.	
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